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Abstract 
Mercury (Hg) is a heavy metal of great concern because of its toxicity for Humans and 
wildlife. Some gaps in our knowledge of its global cycle subsist despite extensive studies 
during the past decades. For instance, large uncertainties are associated with atmospheric Hg 
deposition, and the impact of anthropogenic Hg emissions is still under debate. While 
monitoring studies focus on Hg wet deposition, dry deposition of particulate Hg (PBM), 
gaseous oxidized Hg (GOM) and gaseous elemental Hg (GEM) are under-constrained. Using 
Hg stable isotope signatures, foliar uptake of GEM by sphagnum mosses was identified as the 
dominant transfer pathway between the atmosphere and a peat bog ecosystem (Pinet peat bog, 
French Pyrenees), while Hg wet deposition only contributes to about 20% of total Hg 
deposition. Other results from Northern Hemispheric peatlands also indicate a significant 
contribution from GEM dry deposition, although it varies from a site to another, probably in 
relation with vegetation growth conditions. These results suggest that peatlands can be used as 
archives of both past Hg wet deposition, Hg dry deposition and atmospheric GEM 
concentration. This thesis presents the first quantitative reconstruction of historical and 
Holocene atmospheric GEM concentrations using peat archives. Human activities (coal 
combustion, mining activities, deforestation) caused a gradual increase in GEM 
concentrations from 0.2 (10,000 – 4000 BP) to 3.5 ng m-3 (20th Century) and was 
accompanied by a change in atmospheric Hg isotope signatures. This first comprehensive 
study on Hg isotope deposition to peatlands is promising and should be extended to pre-
anthropogenic times to investigate natural variations in atmospheric Hg dynamics during the 
Holocene. 
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Résumé 
Le mercure (Hg) est un métal lourd toxique pour l’Homme et la faune en général. Malgré de 
nombreuses études ces dernières décennies, des lacunes persistent dans notre compréhension 
de son cycle global. De grandes incertitudes sont notamment associées aux dépôts de Hg, et 
l’impact des émissions d’origine anthropique est encore débattu. Des efforts considérables ont 
été mis en œuvre pour surveiller les dépôts humides de Hg, mais en contre-partie les dépôts 
secs de Hg particulaire (PBM), de Hg oxydé gazeux (GOM) et de Hg élémentaire gazeux 
(GEM) ne sont pas bien connus. A l’aide des signatures en isotopes stables du Hg, 
l’assimilation de GEM par les sphaignes a été identifiée comme le mécanisme de dépôt 
dominant sur la tourbière du Pinet (Pyrénées Françaises), alors que les dépôts humides de Hg 
ne représentent que 20% des dépôts totaux. D’autres tourbières situées en hémisphère nord 
sont également significativement influencées par les dépôts secs de GEM, bien que leur 
contribution varie d’une tourbière à l’autre, probablement en raison des conditions de 
croissance de la végétation. Ces observations suggèrent que les tourbières, jusque-là utilisées 
en tant qu’archives de dépôts de Hg, pourraient permettre une reconstruction des dépôts 
humides et des dépôts secs de Hg, ainsi que de la concentration en GEM dans l’atmosphère. 
Cette thèse présente la première reconstruction quantitative des concentrations 
atmosphériques en GEM pendant l’Holocène. Les activités humaines (combustion de 
charbon, activités minières, déforestation) ont causé une augmentation des concentrations 
atmosphériques en GEM de 0,2 ng m
-3
 (il y a 4000 à 10 000 ans) à 3,5 ng m
-3
 (milieu du 20
ème
 
siècle), qui a aussi été accompagnée par une modification des signatures isotopiques en Hg 
atmosphérique. Cette approche utilisant les signatures en isotopes stables du Hg dans des 
carottes de tourbe est prometteuse, et mériterait d’être étendue afin d’étudier les variations 
naturelles de la dynamique atmosphérique du Hg pendant la période pré-anthropique. 
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Résumé étendu 
L’étude du mercure (Hg) suscite un intérêt particulier du fait de sa toxicité et de son 
comportement complexe dans l’environnement. Les tourbières enregistrent les dépôts 
atmosphériques de mercure (Hg), et sont communément utilisées pour reconstruire 
l’historique de ces dépôts. Toutes les précédentes études s’accordent sur le fait que les dépôts 
de Hg ont augmenté en raison de l’industrialisation.  Bien que l’aspect historique des dépôts 
de Hg ait fait l’objet de nombreuses études, les mécanismes de dépôt du Hg sur une tourbière 
restent incertains. On admet généralement que les dépôts de Hg sur une tourbière se font par 
voies sèche et humide, avec une dominance des dépôts humides. Cette hypothèse a été testée 
en se basant sur l’isotopie du Hg dans des sphaignes, de la tourbe, des précipitations et du Hg 
élémentaire gazeux (GEM). Cinq signatures indépendantes découlent de l’isotopie du Hg. Les 
sept isotopes stables du Hg peuvent fractionner selon leur masse lors de réactions physiques 
ou chimiques incomplètes. Ce type de fractionnement isotopique affecte la signature 
isotopique notée δ202Hg. En plus de ce fractionnement dépendant de la masse (MDF), les 
isotopes impairs du Hg (
199
Hg et 
201
Hg) peuvent également fractionner indépendamment de 
leur masse (MIF) sous l’effet de réactions photochimiques. Ceci se traduit par une déviation 
des δ199Hg et δ201Hg par rapport à la loi de fractionnement dépendant de la masse les liant au 
δ202Hg dans le cas d'un MDF. Ces différences peuvent être quantifiées et sont notées Δ199Hg 
et Δ201Hg. Une troisième signature isotopique est donnée par le MIF des isotopes pairs du Hg 
(
200
Hg et 
204
Hg). Bien que le mécanisme produisant ces anomalies Δ200Hg et Δ204Hg ne soit 
pas encore bien contraint, il semble qu’elles soient produites dans la haute troposphère lors de 
l’oxydation du GEM en Hg oxydé gazeux (GOM). 
Ces signatures Δ200Hg et Δ204Hg sont très utiles puisqu’elles sont conservatives à basse 
altitude, et donc dans un écosystème comme une tourbière. Une comparaison des Δ200Hg et 
Δ204Hg des dépôts humides, du GEM, de la sphaigne et de la tourbe indique que les dépôts 
secs de GEM sont plus importants que les dépôts humides de Hg sur la tourbière du Pinet 
(Aude, plateau de Sault). Un bilan de masse basé sur Δ200Hg et Δ204Hg permet de quantifier la 
contribution des dépôts de GEM à 79 % des dépôts totaux de Hg sur la sphaigne et dans la 
tourbe. Une observation similaire est faite à partir des signatures en Δ199Hg et Δ201Hg, bien 
qu’elles semblent légèrement affectés par de la photochimie sur les sphaignes. Les valeurs en 
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Δ199Hg et Δ201Hg des sphaignes sont en effet plus négatives que prédites par le bilan de masse 
précédemment calculé, suggérant qu’une partie du Hg déposé sur les sphaignes est réémis par 
photoréduction. Les dépôts secs de GEM sur les sphaignes sont accompagnés d’un fort 
fractionnement dépendant de la masse (-2,5 à -2,9 ‰ en δ202Hg). Ce fort facteur de 
fractionnement est également reflété dans le GEM ambiant, significativement enrichi en 
isotopes lourds comparé à l’air du Pic du Midi. Globalement, ce facteur de fractionnement 
pourrait être à l’origine d’un enrichissement du GEM en isotopes lourds comparé au Hg émis 
par des sources naturelles ou industrielles. Cette dominance des dépôts secs du GEM suggère 
également que les tourbières peuvent être utilisées directement en tant qu’archives de 
concentration en GEM atmosphériques plutôt que de dépôts humides de Hg. 
Ces résultats obtenus sur une tourbière pyrénéenne ont été confrontés à d’autres 
tourbières en hémisphère nord. Des échantillons de tourbe provenant d’une autre tourbière des 
Pyrénées (Estibère, parc national des Pyrénées, Néouvielle), de quatre tourbières 
norvégiennes (Gyland, Gjerstad, Nordli et Andoya) et deux tourbières canadiennes 
(Kuujjuarapik et Inuvik) ont été analysés pour l’isotopie du Hg. Deux autres tourbières 
avaient déjà fait l’objet de telles études au Nord-Ouest de l’Espagne (Penido Vello) et sur le 
plateau tibétain (Hongyuan). A l’exception de la tourbière tibétaine, toutes les tourbières 
étudiées semblent avoir enregistré majoritairement des dépôts secs de GEM, comme le 
témoignent leur signatures en Δ200Hg. Les tourbières situées très au Nord présentent en 
particulier une prédominance des dépôts secs de GEM, et une contribution des dépôts 
humides de Hg négligeable. Un gradient latitudinal de contribution des dépôts secs de GEM 
semble se dessiner, résultant peut-être d’une diminution des dépôts humides ou de leur 
réémission plus importante à hautes latitudes. Les tourbières de Penido Vello (Espagne) et 
Hongyuan (Plateau tibétain) montrent des signatures isotopiques en Hg différentes. Elles sont 
expliquées par une forte influence des émissions marines à Penido Vello, et par un apport 
important de Hg par voie humide lors de la mousson d’été à Hongyuan. 
Les mécanismes de dépôts de Hg sur une tourbière étant connus, il est théoriquement 
possible de reconstruire l’histoire des dépôts humides de Hg, ainsi que de la concentration 
atmosphérique en GEM. Les tourbières pyrénéennes du Pinet et d’Estibère ont fait l’objet 
d’une étude approfondie dans cette optique. En plus des HgARs, des profils de signatures 
isotopiques en Hg ont également été déterminées. Par un bilan de masse basé sur le Δ200Hg, 
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les dépôts secs de GEM (HgARs secs) et les dépôts humides de Hg (HgARs humides) ont été 
caractérisés. La vitesse de dépôt du GEM (VGEM, cm s
-1
) peut être estimée en utilisant le 
HgAR sec récent (µg m
-2
 an
-1
) et la concentration en GEM (ng m
-3
) actuelle dans les 
Pyrénées. En appliquant cette VGEM aux couches de tourbes plus profondes, on peut estimer 
les concentrations en GEM dans le passé. 
Les HgARs humides montrent une tendance similaire aux deux sites d’études, avec un 
maximum en 1946 – 1974, et une diminution plus récemment. Cette chronologie est en bon 
accord avec d’autres études de dépôts de Hg sur des tourbières européennes. La période de 
HgARs humides maximum coïncide avec une période de forte combustion de charbon en 
France et en Europe. 
Les concentrations en GEM reconstruites à partir des tourbières pyrénéennes montrent 
une augmentation de 0,24 ± 0,11 ng m
-3
 pendant la période pré-minière (pré-1550 AD) à 0,85 
± 0,20 ng m
-3
 pendant la période pré-industrielle (1760 – 1880 AD), puis jusqu’à un 
maximum de 3,5 ± 0,5 ng m
-3
 en 1946 – 1967, et enfin une diminution pour atteindre 1,5 ± 
0,3 ng m
-3
 actuellement. La concentration en GEM en 1946 – 1967 était donc 15 fois plus 
forte que le niveau naturel. Même si elle semble avoir baissé aujourd’hui, la concentration en 
GEM est toujours 6 fois supérieure qu’il y a 4000 à 10 000 ans. 
Les variations en δ202Hg et Δ199Hg de la tourbe sont principalement liées à des 
variations temporelles de l’isotopie du Hg atmosphérique. Des variations en δ202Hg et Δ199Hg 
de la tourbe accompagnent celles de la concentration en GEM. Une première grande 
diminution du δ202Hg est observée entre les périodes pré-minière (pré-1550 AD) et pré-
industrielle (1760 – 1880 AD), reflétant potentiellement le premier impact de l’Homme sur le 
cycle du Hg. Il pourrait s’agir d’activités minières, métallurgiques ou bien de la combustion 
de biomasse. L’impact d’un changement de l’occupation des sols peut également être à 
l’origine d’un tel changement. Considérant la végétation comme responsable de 
l’enrichissement du GEM en isotopes lourds, une déforestation globale pourrait avoir causé 
une diminution en HgAR sec, et par conséquence une diminution du δ202Hg du GEM. 
L’industrialisation se traduit ensuite par une augmentation de la concentration en GEM, ainsi 
que des augmentations en δ202Hg et Δ199Hg de la tourbe. Ceci est probablement lié aux 
émissions industrielles de Hg, caractérisées par des signatures en δ202Hg plus négatives et 
Δ199Hg plus proches de zéro que les émissions naturelles globales. 
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 Après avoir montré l’influence de la végétation sur le cycle global du Hg, ainsi que la 
possibilité d’utiliser les tourbières comme archives de concentration en GEM et non de dépôts 
humides de Hg, on peut tenter de reconsidérer les études précédentes. Les études ayant porté 
sur l’accumulation de Hg sur des tourbières en Hémisphère Nord ont été compilées pour 
essayer d’expliquer la variabilité spatiale des HgARs. L’influence de la végétation sur les 
HgARs est importante, et explique probablement une partie des variations de HgARs 
observées entre différents sites, ainsi que les variations intra-site. Les HgARs pré-miniers 
(pré-1550 AD) semblent particulièrement influencés par la végétation de surface des 
tourbières. Un gradient latitudinal en HgAR pré-minier semble indiquer que les conditions 
favorables à la croissance végétale (zone tempérée) induit des HgARs plus fort qu’en 
Arctique, où les conditions climatiques sont moins favorables. Les HgARs durant les périodes 
pré-industrielle (1760 – 1880) et industrielle (post – 1880) ne suivent pas ce gradient, en 
raison de l’influence anthropique sur le cycle du Hg.  
 Bien qu’on ait observé une grande variabilité spatiale des HgARs pendant la période 
industrielle, les tendances temporelles semblent cohérentes. On a donc pu reconstruire 
l’évolution moyenne du HgAR en hémisphère Nord. La courbe obtenue montre une période 
de HgARs maximum entre 1945 et 1990. Comme nous l’avons montré, les dépôts de Hg sur 
une tourbière se font principalement par dépôts secs de GEM, et sont donc fonction de la 
concentration en GEM. La courbe que nous avons reconstruite représente donc l’évolution de 
la concentration en GEM moyenne en Europe. La tendance observée depuis 1974 est en bon 
accord avec des mesures de concentration en GEM, ainsi qu’avec les tendances simulées par 
des modèles globaux. 
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1. Le cycle global du mercure 
Le mercure (Hg) est un métal lourd émis dans l’atmosphère par des émissions d’origines 
naturelles et anthropiques (Figure 1). Sa toxicité dépend de sa concentration et de sa 
spéciation. Il est présent dans l’environnement sous sa forme élémentaire gazeuse Hg0, 
oxydée Hg
II
 et sous forme de Hg organique. Les espèces organiques du Hg, le mono- et di-
méthylmercure (MeHg), sont très toxiques pour l’Homme et affectent le système nerveux 
(Mergler et al., 2007). Le MeHg est notamment responsable de l’empoisonnement accidentel 
à Minamata (Japon), causé par des rejets industriels dans la baie de Minamata en 1953. La 
concentration en Hg augmente avec le niveau trophique du fait de la bioamplification, et donc 
les populations locales ont été exposées à de fortes concentrations en Hg par consommation 
de poissons provenant de la baie. D’autres accidents impliquant le MeHg ont également 
provoqué l’empoisonnement de populations humaines (Bakir et al., 1973; Harada, 1995). 
Depuis ces événements, la recherche sur le Hg a amélioré notre connaissance de son 
comportement dans l’environnement et de sa toxicité, menant finalement à la convention de 
Minamata qui vise à réduire les rejets de Hg dans l’environnement (traité ratifié par 140 pays 
en 2013). Pour une compréhension complète du cycle du Hg, des recherches supplémentaires 
sont toujours nécessaires. 
Le Hg est émis dans l’atmosphère principalement sous sa forme élémentaire gazeuse 
(Hg
0
 ou GEM). Le temps de résidence du GEM dans l’atmosphère est de l’ordre de quelques 
mois, et permet donc un transport sur de longues distances. Les émissions de Hg par des 
activités industrielles se traduisent donc par une pollution à la fois locale et globale. Les 
autres espèces de Hg présentes dans l’atmosphère sont le Hg oxydé gazeux (GOM) et le Hg 
particulaire (PBM). Ces deux formes oxydées du Hg ne représentent que quelques pourcents 
de la couche limite du réservoir atmosphérique. Toutes les espèces atmosphériques de Hg 
peuvent être déposées sur les surfaces terrestres et océaniques (Lindberg et al., 2007). 
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. Figure 1. Budget et flux de Hg dans le cycle global du Hg (d’après AMAP (2013)) 
 
2. Dépôts atmosphériques de Hg 
Il est généralement admis que les dépôts humides de Hg dominent les flux de Hg entre 
l’atmosphère et les continents. Ceci a mené à des réseaux de surveillance des dépôts humides 
de Hg en Amérique du nord (Gay et al., 2013; NADP-MDN, http://nadp.sws.uiuc.edu/mdn/) 
et en Europe (EMEP, http://www.emep.int/) pendant les dernières décennies. En moyenne, les 
flux de dépôts humides de Hg mesurés au cours de la dernière décennie sont de 
9,5 ± 4,2 µg m
-2
 an
-1
 en Amérique du nord (1σ, 93 sites, période 2000 – 2013) et 
6,8 ± 3,2 µg m
-2
 an
-1
 en Europe (1σ, 13 sites, période 2000 – 2009). En comparaison, une 
étude sur un an de dépôts humides de Hg au Japon sur 10 sites différents (Sakata and 
Marumoto, 2005) a montré des flux du même ordre de grandeur, bien que légèrement 
supérieurs (12,8 ± 3,9 µg m
-2
 an
-1
). En Chine où les émissions de Hg sont les plus importantes 
à l’heure actuelle, les dépôts humides de Hg dans des zones éloignées des sources d’émission 
sont entre 6,1 et 26,1 µg m
-2
 an
-1
 (Fu et al., 2012; Fu et al., 2010a; Fu et al., 2008; Fu et al., 
2010b; Wan et al., 2009), mais peuvent atteindre 152 µg m
-2
 an
-1
 en milieu urbain (Fang et al., 
2004). 
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En comparaison, peu d’attention a été donnée aux dépôts secs de Hg par dépôt 
gravitationnel de PBM, et surtout par dépôt des espèces gazeuses de Hg (GEM et GOM). Le 
GOM est plus réactif que le GEM, et donc son temps de résidence dans l’atmosphère est plus 
court puisqu’il est rapidement déposé sur les surfaces continentales. Plusieurs études ont 
montré qu’il existe des échanges de GEM entre l’atmosphère et la végétation, et qu’ils 
pourraient contribuer significativement aux dépôts de Hg globaux (Graydon et al., 2006; 
Lindberg et al., 1998; Zhang et al., 2009). Ces flux de GEM sont bi-directionnels, et 
dépendent de la concentration en GEM, du type de végétation, de l’irradiation solaire et de la 
température, ce qui entraine des variations journalières et saisonnières (Cobbett and Van 
Heyst, 2007; Ericksen et al., 2003; Gustin, 2011; Poissant et al., 2004). Des mesures de  
terrain ont montré une grande variabilité dans la vitesse de dépôt du GEM, entre 0.0 et 
2.0 cm s
-1 
(Zhang et al., 2009). Par conséquent, les dépôts secs de GEM annuels ne peuvent 
être précisément estimés, bien qu’ils pourraient contribuer pour moitié aux dépôts de Hg 
globaux (Holmes et al., 2010). La chute de litière après dépôts secs de GEM et de GOM sur 
les surfaces végétales se révèle être importante, et excède même les dépôts humides de Hg 
dans certains cas (Risch et al., 2012; Teixeira et al., 2012; Wang et al., 2009). 
 
3. Archives de dépôts atmosphériques de Hg 
Aujourd’hui, les émissions de Hg dans l’atmosphère (3000 Mg an-1) (Horowitz et al., 
2014) surpassent les émissions naturelles volcaniques de 76 ± 30 Mg an
-1
 (Bagnato et al., 
2014) (Annexe A) d’au moins un ordre de grandeur. Les estimations des émissions d’origine 
anthropique de Hg suggèrent un premier impact de l’Homme commençant au 16ème siècle et 
un pic très important à la fin du 19
ème
 siècle (Figure 2), tous deux liés à l’activité minière, en 
Amérique du Sud puis en Amérique du Nord. Une autre augmentation des émissions de Hg au 
20
ème
 siècle est quant à elle attribuée à l’industrialisation, avec une grande contribution de la 
combustion de charbon. La pression anthropique sur le cycle global du Hg cause une 
augmentation des dépôts de Hg. Les taux d’accumulation de Hg (HgARs) sur les continents 
peuvent être étudié par l’utilisation d’archives environnementales. Les archives 
environnementales les plus utilisées pour reconstruire les dépôts de Hg sont les carottes de 
glace, les sédiments lacustres et les tourbières. 
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Figure 2. Estimations des émissions de Hg d’origine anthropique selon différentes études 
(AMAP, 2013; Horowitz et al., 2014; Hudson et al., 1995; Muntean et al., 2014; Pirrone et 
al., 1998; Rafaj et al., 2013; Streets et al., 2011; Strode et al., 2009).  
(Figure de Amos et al. (2015)) 
 
2.1. Carottes de glace 
Très peu de carottes de glace ont été étudiées pour les dépôts de Hg, bien qu’ils bénéficient 
d’une bonne résolution temporelle sur plusieurs millénaires d’accumulation de glace 
(Appelquist et al., 1978; Beal et al., 2015; Schuster et al., 2002; Vandal et al., 1993). Vandal 
et al. (1993) ont étudié les dépôts de Hg sur les 34 000 dernières années en Antarctique. Le 
dernier âge glaciaire est caractérisé par des taux d’accumulation de Hg (HgARs) de 
0,013 µg m
-2
 an
-1
. Lors du dernier maximum glaciaire (28 – 18 000 ans avant l’actuel), les 
HgARs ont augmenté pour atteindre 0,031 µg m
-2
 an
-1
, avant de diminuer à 0,009 µg m
-2
 an
-1
 
pendant l’Holocène. 
 Seulement deux études sur des carottes de glace ont couvert l’intégralité de la période 
industrielle. Ces deux archives provenant du Wyoming (Upper Fremont Glacier, UFG) 
(Schuster et al., 2002) et du Yukon (Mount Logan, Canada) (Beal et al., 2015) montrent une 
augmentation des HgARs lors de la ruée vers l’or et l’argent (1850 – 1900), suivie par une 
augmentation plus forte pendant l’ère industrielle (Figure 3). Des différences entre ces deux 
études sont néanmoins notées en termes de HgARs. Les HgARs pré-industriels obtenus pour 
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le Mont Logan au Canada (0,015 – 0,023 µg m-2 an-1, période 1410 – 1850 AD) sont 
comparable à ceux obtenus par Vandal et al. (1993) en Antarctique. En revanche, les résultats 
obtenus par Schuster et al. (2002) pour le UFG dans le Wyoming sont deux ordres de 
grandeur au-dessus (0,8 µg m
-2
 an
-1
, période 1719 – 1847 AD). Les facteurs d’enrichissement 
maximum pour la période industrielle comparée à la période pré-industrielle (EFpreind) sont 
aussi différents entre les deux études. L’archive UFG indique un enrichissement des HgARs 
d’un facteur 20, alors qu’il est de 50 à 80 pour le Mont Logan. Les deux enregistrements 
indiquent une diminution récente de HgARs. Une étude basée sur des carottes de neige au 
Groenland révèle aussi une diminution de la concentration en Hg de la neige après un 
maximum trouvé pour de la neige déposée avant 1965 (Boutron et al., 1998). 
 
Figure 3. Evolution des HgARs reconstruits à l’aide de carottes de glace provenant du Mont 
Logan (a) et Upper Fremont Glacier (b) (selon Beal et al., 2015).  
 
En plus d’être des archives de dépôts, les glaciers peuvent être utilisés comme 
enregistrements de concentration atmosphérique en GEM. Pour cela, Fain et al. (2009) ont 
mesuré la concentration en GEM dans de l’air névé, et ont été en mesure de reconstruire 
l’historique de la concentration en GEM depuis 1940. Les résultats obtenus mettent en 
évidence une augmentation des concentrations en GEM jusqu’à 3 ng m-3 vers 1970, puis une 
diminution pour atteindre 1,5 ng m
-3
 aujourd’hui. 
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En revanche, les glaciers ne sont pas bien répartis autour du globe, ce qui empêche 
l’évaluation de la variabilité spatiale des HgARs.  
 
2.2. Sédiments lacustres 
Les sédiments de lac sont mieux répartis et beaucoup utilisés pour reconstruire les 
dépôts historiques de Hg (Biester et al., 2007; Engstrom et al., 2014; Fitzgerald et al., 1998). 
Les sédiments lacustres intègrent le Hg venant des dépôts atmosphériques ainsi que des 
apports supplémentaires provenant du bassin versant. Ainsi, les HgARs reconstruits à l’aide 
de carottes de sédiments dépendent à la fois des dépôts atmosphériques et du bassin versant 
(Das et al., 2015; Engstrom et al., 2007; Lorey and Driscoll, 1999; Rydberg et al., 2015). 
Avant sédimentation, le Hg peut être réémis de la surface du lac vers l’atmosphère (Hines and 
Brezonik, 2007; Southworth et al., 2007), ce qui empêche une reconstruction absolue des 
dépôts de Hg. Il est toutefois possible d’étudier les variations relatives de ces dépôts en 
considérant que le Hg apporté par le bassin versant dépend des dépôts atmosphériques et que 
les réémissions de Hg sont restées constantes dans le temps. 
 
Figure 4. Tendances historiques des HgARs dans des sédiments lacustres (cercle noirs, 
normalisés aux HgARs de la période 1800 – 1850) dans des environnement reculés (A), à 
l’est des Etats-Unis (B) and à l’est de la Chine (C) (selon Zhang et al. (2014)). La courbe 
rouge représente l’évolution des émissions d’origine anthropique selon Streets et al. (2011) et 
la courbe verte représente ces mêmes émissions avec un impact de l’activité minière réduit 
d’un facteur trois, selon l’hypothèse de Zhang et al. (2014). 
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Les études basées sur des sédiments lacustres ont montré que les dépôts de Hg ont 
augmenté d’un facteur 3 – 4 par rapport au niveau pré-industriel (Biester et al., 2007; 
Engstrom et al., 2014; Lindberg et al., 2007; Zhang et al., 2014). Par contre, aucun pic associé 
à la ruée vers l’or et l’argent en Amérique du Nord (1850 – 1900) ne ressort de ces études 
(Figure 4). 
 
2.3. Les tourbières 
Les tourbières sont une accumulation de matière organique décomposée produite par des 
générations successives de végétation. Il a été montré qu’une fois déposé, le Hg est 
efficacement piégé dans les premiers centimètres de la tourbière (Benoit et al., 1998). Deux 
principaux types de tourbières sont distingués : les tourbières minérotrophes qui sont 
alimentées par les dépôts atmosphériques et par ruissellement, et les tourbières ombrotrophes 
qui reçoivent exclusivement des dépôts atmosphériques. L’utilisation de tourbières 
ombrotrophes permet donc en théorie une estimation directe des dépôts atmosphériques. 
Malgré cette différence entre les deux types de tourbière, une comparaison entre une tourbière 
minérotrophe et une tourbière ombrotrophe en Suisse a montré des tendances temporelles 
cohérentes, bien que les HgARs absolus étaient différents (Roos-Barraclough and Shotyk, 
2003). 
 Les tourbières, et particulièrement les tourbières ombrotrophes, ont beaucoup été 
utilisées pour reconstruire les dépôts atmosphériques de Hg (Amos et al., 2015; Biester et al., 
2007; Bindler, 2006). De ces études, il en ressort que trois périodes peuvent être distinguées 
(Amos et al., 2015; Enrico et al., in prep). Le premier grand impact lié à l’activité humaine est 
probablement lié à l’activité minière à grande échelle sur le continent américain, qui a 
commencé au 16
ème
 siècle. Les HgARs reconstruits précédant cette période varient de 0,2 à 
3,3 µg m
-2
 an
-1
 (Figure 5). Avant l’industrialisation, les HgARs ont ensuite augmenté d’un 
facteur 8 (médiane, période 1760 – 1880). La période de HgARs maximum (période 20Cmax) 
est habituellement trouvée entre 1940 et 1990, et présente des HgARs 27 fois supérieurs 
(médiane) au niveau pré-minier. 
 Pour ces trois périodes considérées, il y a des variations entre les sites d’au moins un 
ordre de grandeur (Figure 5), ce qui pourrait indiquer une variabilité spatiale des dépôts de 
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Hg. En plus de ces variations entre les sites, des études basées sur plusieurs carottes prélevées 
sur la même tourbière ont montré l’existence d’une variabilité intra-site importante (Allan et 
al., 2013; Bindler et al., 2004; Martínez Cortizas et al., 2012). Cela suggère que les HgARs 
reconstruits à l’aide de carottes de tourbe sont probablement influencés par des paramètres 
indépendants de la concentration atmosphérique en Hg et des dépôts humides de Hg. 
 
 
Figure 5. Résumé des HgARs reconstruits à l’aide de carottes de tourbe trouvés dans 
la littérature, séparés en trois périodes : pré-minière (pré-1500 AD, n = 22), pré-industrielle 
(1760 – 1880 AD, n = 37) et la période de HgARs maximum au 20ème siècle (n = 42). Les 
boites représentent l’espace interquartile, la ligne centrale correspond à la médiane et les 
croix rouges montrent les valeurs aberrantes. 
 
2.4. Comparaison entre les différents types d’archives environnementales 
En raison de potentielles pertes de Hg par re-volatilisation et des différences en termes de 
mécanismes de dépôts entre les différentes archives, les comparaisons directes des HgARs 
reconstruits doivent être évitées. L’utilisation des périodes de référence définies par Amos et 
al. (2015) permet de calculer des facteurs d’enrichissement en normalisant les HgARs trouvés 
pour la période 20Cmax à ceux des periodes pré-minière (EFalltime) et pré-industrielle 
(EFpreind). 
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Biester et al. (2007) ont suggéré que les tourbières montraient un enrichissement plus 
fort de l’ordre de 40 et conclut que les sédiments de lac étaient des archives plus fiables. 
Récemment, Amos et al. (2015) a réconcilié les deux types d’archives en indiquant que 
Biester et al. (2007) avait utilisé des périodes de référence différentes pour les tourbières et les 
sédiments pour le niveau pré-industriel. Une fois corrigés, les EFs comparés à la période pré-
industrielle (1760 – 1880) sont bien plus cohérents entre les sédiments (2,9) et les tourbières 
(4,3) (Amos et al., 2015). Les enrichissements relatifs à la période pré-minière sont également 
comparables entre les archives lacustres (médiane de 17) et les tourbières (médiane de 27). 
 Les variations relatives de HgARs, représentées par les EFs, sont ainsi comparables 
entre les sédiments de lac et les tourbières. Les HgARs absolus reconstruits à l’aide de 
sédiments lacustres ne sont en revanche pas toujours directement comparable aux dépôts 
atmosphériques réels. L’influence de processus internes aux lacs, et des apports par le bassin 
versant affectent les flux de Hg dans les sédiments en terme de timing et d’accumulation de 
Hg. Les tourbières ombrotrophes reçoivent uniquement les dépôts atmosphériques et ne sont 
pas affectées par de tels processus. La forte affinité du Hg pour la matière organique permet la 
rétention du Hg dans la tourbe (Benoit et al., 1998; Zaccone et al., 2009). Bien que cela 
suggère que le Hg est immobile dans la tourbe, la possiblité de réémission de Hg par 
photochimie à la surface des tourbières requiert plus d’études. 
 Une comparaison des HgARs récents reconstruits avec des carottes de sédiments 
(8 ± 3 µg m
-2
 an
-1
) et de tourbe (11 µg m
-2
 an
-1
) avec les dépôts humides (8 ± 3 µg m
-2
 an
-1
) a 
malgré tout révélé une bonne cohérence (Lamborg et al., 2002), ce qui suggère que les dépôts 
humides dominent les transferts de Hg de l’atmosphère vers les sédiments et les tourbières. En 
revanche, les HgARs reconstruits pour des tourbières en Europe et en Amérique du Nord 
excèdent souvent les données de dépôts humides mesurées (Biester et al., 2007). Biester et al. 
(2007) a proposé différentes possiblité pour expliquer ces différences. Tout d’abord, le 
processus de décomposition de la tourbe pourrait impliquer une redistribution et des pertes de 
Hg. Cette hypothèse a ensuite été testée et réfutée (Outridge and Sanei, 2010). Une autre 
possiblité avancée était une sur-estimation des HgARs causée par des datations au 
210
Pb 
erronées. Depuis, il a été montré que l’infiltration du 210Pb dans les couches de surface de la 
tourbière pouvait effectivement se traduire par une sur-estimation des HgARs (Hansson et al., 
2014). La troisième hypothèse évoquée par Biester et al. (2007) impliquait des dépôts secs de 
 Introduction générale 
 
24 
 
Hg importants. Cette possibilité n’a jamais été évaluée depuis. Elle sera testée dans cette thèse 
en utilisant l’isotopie du Hg dans un écosystème de tourbière, incluant des mesures sur la 
végétation de surface, la tourbe, les espèces atmosphériques de Hg (GEM, GOM, PBM) et les 
dépôts humides de Hg. 
  
4. Fractionnement isotopique du Hg 
Sur les sept isotopes stables du Hg, tous peuvent subir un fractionnement dépendant de leur 
masse (MDF) lors de transformations incomplètes du Hg. Les isotopes impairs (
199
Hg et 
201
Hg) peuvent aussi fractionner indépendamment de leur masse (MIF) (Bergquist and Blum, 
2007; Blum et al., 2014). Le MIF et le MDF donnent lieu à différentes signatures isotopiques. 
La notation δ utilisée pour quantifier les signatures isotopiques consiste en un rapport 
isotopique normalisé au standard international SRM NIST 3133. L’isotope 198Hg est 
communément utilisé comme dénominateur du rapport isotopique pour le calcul des δ : 
δ𝑥𝑥𝑥𝐻𝑔 =
(
 
 
(
𝐻𝑔𝑥𝑥𝑥
𝐻𝑔198
)
𝑠𝑎𝑚𝑝𝑙𝑒
(
𝐻𝑔𝑥𝑥𝑥
𝐻𝑔198
)
𝑁𝐼𝑆𝑇3133
− 1
)
 
 
× 1000 
où 
xxx
Hg représente les différents isotopes du Hg mesurés (
199
Hg, 
200
Hg, 
201
Hg, 
202
Hg and 
204
Hg). 
La loi de fractionnement dépendant de la masse suggère que tous les δxxxHg sont 
linéairement corrélés lors de réactions causant du MDF. L’existence de MIF produit des 
relations non-linéaires. En utilisant δ202Hg comme référence, le MIF est quantifié comme la 
déviation de la loi théorique de MDF, et noté Δ : 
𝛥𝑥𝑥𝑥𝐻𝑔 =  𝛿𝑥𝑥𝑥𝐻𝑔 − 𝛽 × 𝛿202𝐻𝑔 
où 
xxx
Hg représente les différents isotopes du Hg mesurés (
199
Hg, 
200
Hg, 
201
Hg and 
204
Hg), etβ 
est une constant de MDF qui relie toute les valeurs δ (0.252, 0.5024, 0.752 and 1.493 pour les 
isotopes 
199
Hg, 
200
Hg, 
201
Hg and 
204
Hg respectivement). 
Deux types de réaction peuvent produire du MIF sur les isotopes impairs du Hg. Le 
volume nucléaire des isotopes du Hg est linéairement corrélé à leur masse, à l’exception des 
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isotopes impairs (Figure 6). Ceci peut causer du MIF sur ces deux isotopes, avec un effet plus 
important sur l’isotope 199Hg que sur le 201Hg (Δ199Hg/Δ201Hg ~ 1.6) (Zheng and Hintelmann, 
2010b). Cet effet du volume nucléaire (NVE) n’a pas encore été observé dans 
l’environnement, mais a été montré expérimentalement lors de l’évaporation du Hg à partir de 
Hg liquide (Estrade et al., 2009; Ghosh et al., 2012).  
 
Figure 6. Vue schématique des différents mécanismes produisant du MIF (d’après 
Wiederhold (2015)) :  Effets du MDF (MDE), du volume nucléaire(NVE) et des isotopes 
magnétiques (MIE). Les flèches indiquent qualitativement les effets de fractionnement sur les 
différents isotopes du Hg dans le produit de réaction. 
 
Le principal mécanisme produisant du MIF dans l’environnement est l’effet des 
isotopes magnétiques (“magnetic isotope effect” ou MIE). Il affecte les isotopes ayant un spin 
nucléaire non nul, ce qui est le cas pour les isotopes 
199
Hg et 
201
Hg. Ce mécanisme est 
responsable pour le fort MIF en environnement aqueux lors de réactions photochimiques 
(Bergquist and Blum, 2007). La photoréduction du Hg
II
 aqueux inorganique affecte les deux 
isotopes impairs de manière égale (Δ199Hg/Δ201Hg ~ 1), alors que la photodéméthylation 
produit des anomalies plus grandes en 
199
Hg (Δ199Hg/Δ201Hg ~ 1.36). Le produit Hg0 est 
appauvrit en isotopes impairs du Hg comparé au réactif, produisant des anomalies Δ199Hg et 
Δ201Hg négatives dans l’air ambient. Un effet inverse a été observé lors de la photoréduction 
du Hg présent dans la neige, ainsi qu’en présence de ligands soufrés en solution, et 
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potentiellement lors de photoréduction du Hg présent dans les feuilles d’arbres (Demers et al., 
2013; Sherman et al., 2010; Zheng and Hintelmann, 2010a). 
Récemment, l’existence d’anomalies sur les isotopes pairs du Hg a été reportée par 
plusieurs auteurs (Chen et al., 2012; Demers et al., 2013; Gratz et al., 2010; Wang et al., 
2015). Ni le NVE ni le MIE ne sont capable de produire de telles anomalies. Un autre 
potentiel mécanisme de MIF est le « self-shielding », suggéré comme responsable du MIF des 
isotopes de l’oxygène (Thiemens and Heidenreich, 1983). Des anomalies significatives en 
isotopes pairs ont été montré principalement pour des échantillons de précipitations, ce qui 
impliquerait que le mécanisme les produisant est l’oxydation du GEM en GOM ou PBM à 
haute altitude (haute troposphère ou stratosphère) (Chen et al., 2012). Cependant, puisque ces 
anomalies n’ont pas encore été produites expérimentalement, le mécanisme du MIF des 
isotopes pairs n’est pas encore contraint. Une étude intéressante sur des lampes à vapeur de 
Hg, où l’oxydation du GEM est importante, a montré du MIF à la fois sur les isotopes impairs 
et pairs du Hg, sans pour autant que le mécanisme ne soit clairement identifié (Mead et al., 
2013). Avec le MDF et le MIF sur les isotopes impairs et pairs du Hg, nous disposons donc de 
cinq signatures isotopiques indépendante  (δ202Hg, Δ199Hg, Δ200Hg, Δ201Hg and Δ204Hg) 
permettant l’identification de sources de Hg et de processus affectant Hg dans 
l’environnement. 
 
5. Les isotopes du mercure dans l’environnement 
Un résumé des observations des compositions isotopiques en Hg dans l’environnement est 
présenté en figure 7 (Yin et al., 2014). Le δ202Hg (MDF) couvre une large gamme entre -6 et 
15 ‰, et le Δ199Hg varie de plus de 10 ‰ dans l’environnement. Les valeurs extrêmes de 
δ202Hg (-6 et +15 ‰) ont toutes les deux été trouvées dans des déchets de minerai, suggérant 
que le grillage de minerai de cinabre (HgS) cause des MDF importants (Smith et al., 2014). 
En-dehors de ces signatures extrêmes, les plus forts δ202Hg et Δ199Hg sont trouvés dans des 
organismes aquatiques, produits par la photoréduction du Hg et conservés lors du transfert 
trophique. Les mesures de l’isotopie du Hg dans le réservoir océanique reste un challenge à 
l’heure actuelle, en raison de concentrations en Hg très faibles (de l’ordre de 1 pmol L-1) 
(Lamborg et al., 2014). Une seule étude a porté sur l’isotopie du Hg dans des eaux côtières, 
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qui a révélé des signatures en Δ199Hg majoritairement positives (Štrok et al., 2015). Des 
analyses du Hg gazeux atmosphérique ont montré principalement des Δ199Hg négatifs, qui 
sont probablement également le résultat de la photoréduction du Hg en phase aqueuse. Les 
Δ199Hg les plus faibles sont trouvés dans la neige, potentiellement en raison du MIE inversé 
(Sherman et al., 2010). 
Les émissions actuelles de Hg dans l’atmosphère sont dominées par la combustion de 
charbon. Une étude approfondie sur la composition isotopique en Hg des charbons a montré 
une grande variabilité en δ202Hg (-3 à 1 ‰, n = 164) (Sun et al., 2014). Une gamme assez 
large de Δ199Hg a également été observée  (-0.6 à 0.2 ‰, n = 164). Les émissions globales de 
Hg lors des 150 dernières années sont cependant estimées avoir des δ202Hg et Δ199Hg 
relativement constantes dans le temps. L’estimation des compositions isotopiques en Hg des 
émissions par combustion de charbon découle de l’observation des signatures isotopiques et 
des inventaires de combustion de charbon dans différentes régions du monde (Sun et al., 
2014). 
 
Figure 7. Summary of published data for terrestrial samples for δ202Hg (A) and Δ199Hg (B) 
(after Yin et al. (2014)) 
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Les échantillons végétaux (plantes, lichens) montrent des δ202Hg et Δ199Hg 
majoritairement négatifs (Figure 7). Ceci est lié aux anomalies négatives trouvées dans le 
GEM atmosphérique (Demers et al., 2013; Gratz et al., 2010; Rolison et al., 2013), et au fort 
facteur de fractionnement de type MDF lors du dépôt sec de GEM sur les végétaux (Demers 
et al., 2013) (Chapitre 1, cette étude).  
 Les précipitations ont généralement des signatures Δ199Hg positives (Chen et al., 2012; 
Demers et al., 2013; Donovan et al., 2013; Gratz et al., 2010; Wang et al., 2015). Le Hg dans 
les précipitations vient de l’assimilation du GOM et du PBM dans l’eau de nuage, après 
oxydation du GEM. Il a été proposé que les anomalies Δ199Hg positives observées 
proviennent d’une réaction de photoréduction du Hg présent dans l’eau de nuage, 
appauvrissant le Hg résiduel en isotopes pairs du Hg (Gratz et al., 2010; Sonke, 2011). Il est 
également envisageable que le mécanisme non identifié produisant le MIF sur les isotopes 
pairs du Hg produise en parallèle un MIF sur les isotopes impairs. 
Il est intéressant de noter que les précipitations et le GEM atmosphérique présentent 
des différences significatives en Δ199Hg. Cette différence pourrait permettre de différencier les 
dépôts humides de Hg et les dépôts secs de GEM. Dans un écosystème forestier, les dépôts 
secs de GEM ont été évalués comme dominant les dépôts de Hg sur des feuilles de peuplier. 
(Demers et al., 2013). Les dépôts de litière dans cette forêt comptent ensuite pour 84 % des 
dépôts atmosphériques de Hg sur le sol forestier, alors que seulement 16 % viennent des 
dépôts humides. 
 Sur une tourbière, la végétation de surface pourrait avoir un rôle important sur 
l’accumulation de Hg (Rydberg et al., 2010), ainsi que sur la composition isotopique en Hg de 
la tourbe. Quelques études ont montré que les HgARs reconstruits avec des tourbières étaient 
comparables avec des mesures de dépôts humides de Hg, ce qui suggère que les tourbières 
intègrent principalement les dépôts humides de Hg (Benoit et al., 1998; Lamborg et al., 2002). 
D’autres études ont émis l’hypothèse que les dépôts de Hg gazeux pourraient contribuer 
significativement à l’accumulation de Hg dans les tourbières (Outridge and Sanei, 2010). 
Deux études ont porté sur la composition isotopique en Hg de la tourbe, avec des différences 
notables entre les deux sites étudiés. La tourbière de Penido Vello est située au Nord-ouest de 
l’Espagne, et présente des δ202Hg très négatifs (moyenne de -4.0 ± 0.5 ‰, 1σ, n = 38), ainsi 
que des Δ199Hg négatifs (moyenne de -0.31 ± 0.07 ‰, 1σ, n = 38) (Ghosh et al., 2008; Yin et 
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al., 2014). Au contraire, la tourbière de Hongyuan sur le plateau tibétain a révélé des δ202Hg 
négatifs mais plus élevés (moyenne de -0.8 ± 0.2 ‰, 1σ, n = 27) et des Δ199Hg positifs 
(moyenne de 0.15 ± 0.10 ‰, 1σ, n = 27) (Shi et al., 2011). Aucune de ces deux études n’a 
abouti sur une interprétation en termes de mécanismes de dépôts. Ces deux études seront 
discutées dans le chapitre 2, en comparaison avec des observations faites durant la présente 
étude. 
 
6. Objectifs 
Le cycle atmosphérique actuel du Hg est sans doute l’aspect le plus étudié du cycle global du 
Hg. Cependant, des incertitudes majeures persistent. L’importance des dépôts secs de Hg 
comparée aux dépôts humides reste incertaine, ainsi que les facteurs contrôlant les dépôts secs 
de Hg. L’ampleur de l’activité humaine sur le cycle du Hg, et en particulier sur les dépôts 
atmosphériques dans des écosystèmes reculés est toujours en cours de débat (facteur 3 ou 
30 ?). L’impact (local, global ?) de l’activité minière coloniale (entre 1500 et 1900) n’est pas 
encore clarifié. L’objectif central de cette thèse de doctorat est de mieux contraindre les 
dépôts de Hg actuels et historiques sur les tourbières. 
 L’étape la plus importante sera de mieux caractériser les dépôts de Hg sur une 
tourbière. La plupart des études précédentes n’ont pas discuté les différents mécanismes de 
dépôt et se sont concentrés sur les variations temporelles. Le chapitre 1 de ce manuscrit décrit 
une expérience sur trois ans effectuée sur la tourbière du Pinet dans les Pyrénées françaises. 
L’objectif y est d’évaluer la contribution des dépôts de chaque espèce atmosphérique du Hg 
(GEM, GOM, PBM, dépôts humides) ainsi que la possibilité de réémission de Hg par 
photochimie. 
 En se basant sur les résultats du chapitre 1, on va comparer dans le chapitre 2 la 
composition en isotopes stables du Hg d’échantillons de tourbe provenant de différents sites 
en hémisphère nord. Deux tourbières pyrénéennes ont été étudiées dans ce cadre, ainsi que 
deux tourbières canadiennes (échantillons fournis par Peter Outridge et William Shotyk) et 
quatre tourbières norvégiennes (échantillons fournis par Eiliv Steinnes). Les résultats seront 
comparés à des données déjà publiées sur deux tourbières en Espagne et en Chine. En 
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analysant des échantillons de différentes tourbières, l’objectif est d’observer des potentielles 
différences en en termes de séquestration du Hg par les tourbières. 
 Les deux tourbières pyrénéennes (Pinet et Estibère) ont fait l’objet d’une étude plus 
approfondie sur les dépôts et l’isotopie du Hg à haute résolution. Les variations historiques 
des dépôts de Hg, de concentration atmosphérique en GEM et de l’isotopie du Hg aux deux 
sites seront comparées et discutées dans le chapitre 3. Ce chapitre illustre le potentiel des 
isotopes du Hg dans les tourbières pour comprendre les mécanismes de dépôts et les sources 
de Hg dans l’atmosphère. 
 Jusqu’alors, cinquante-quatre tourbières ont été étudiées pour les dépôts historiques de 
Hg en hémisphère nord, dont la plupart en Europe. Ce dernier chapitre sera dédié à une 
reconsidération de ces études en se basant sur les conclusions des chapitres précédents, en 
étudiant les variations spatiales et temporelles. Les tendances temporelles en HgARs 
produites par les précédentes études seront compilées pour produire une reconstruction des 
variations de HgAR à l’échelle hémisphérique. L’impact de l’Homme sur l’accumulation du 
Hg dans les tourbières sera discuté en termes d’ampleur et de timing d’enrichissement en Hg 
dans l’atmosphère.   
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1. Global biogeochemical mercury cycling 
Mercury (Hg) is a toxic heavy metal emitted to the atmosphere from both natural and 
anthropogenic sources (Figure 1). Its toxicity depends on its concentration and speciation 
during exposure. Mercury is present in the environment as elemental Hg
0
, divalent Hg
II
 and as 
organic forms. The organic species of Hg, mono- and di-methylmercury (MeHg) are highly 
toxic for Humans and cause damage to the nervous system (Mergler et al., 2007). 
Methylmercury is notably responsible for the poisoning accident in Minamata Bay following 
industrial discharge in 1953. It can be bioaccumulated in living organisms, and is 
biomagnified along the trophic chain. In Minamata, Humans were poisoned by fish 
consumption. Other accidents involving MeHg have led to human poisoning (Bakir et al., 
1973; Harada, 1995). Since then, research on Hg has improved our understanding of its 
behavior in the environment and its toxicity, finally leading to the Minamata Convention 
which aims at decreasing Hg releases to the environment (ratified by 140 countries in 2013). 
Our knowledge on the global Hg cycle still needs improvements to fully understand future 
evolution of global Hg pollution.  
Most of Hg emitted to the atmosphere is gaseous elemental Hg (Hg
0
 or GEM). The 
long residence time of GEM in the atmosphere (0.5 – 1 year) allows long range transport, and 
therefore pollution of both industrialized and remote areas (Fitzgerald et al., 1998). Other Hg 
species in the atmosphere include gaseous oxidized Hg (GOM) and particulate-bound Hg 
(PBM). These two oxidized forms of Hg can result from direct emissions of oxidized Hg or 
after oxidation of GEM in the atmosphere, but represent only a few percent of the 
atmospheric boundary layer reservoir. All these atmospheric Hg species can then be deposited 
on oceanic or continental surfaces (Lindberg et al., 2007). 
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Figure 1. Budgets and estimated fluxes of Hg in the global Hg cycle (according to AMAP 
(2013)). Values associated with arrows correspond to fluxes and are expressed in Mg y
-1
, 
values associated with reservoirs are Hg budgets expressed in Mg. Percentages indicate the 
increases in fluxes and budgets following anthropogenic pressure. 
 
2. Atmospheric Hg deposition 
Mercury wet deposition is thought to dominate global Hg transfer from the atmosphere to 
terrestrial surfaces. This idea has led to extensive monitoring of Hg wet deposition in North 
America (Gay et al., 2013; NADP-MDN, http://nadp.sws.uiuc.edu/mdn/) and Europe (EMEP, 
http://www.emep.int/) during the past decades. Measured Hg wet deposition fluxes over the 
last decade were 9.5 ± 4.2 µg m
-2
 y
-1
 in North America (1σ, 93 monitoring sites, period 2000 
– 2013) and 6.8 ± 3.2 µg m-2 y-1 in Europe (1σ, 13 monitoring sites, period 2000 – 2009). A 
one year study at 10 different sites over Japan (Sakata and Marumoto, 2005) has shown 
slightly higher but comparable Hg wet deposition fluxes (12.8 ± 3.9 µg m
-2
 y
-1
). In China, the 
biggest Hg emitter country, Hg wet deposition was found to be in the range 6.1 – 26.1 µg m-2 
y
-1
 at remote sites (Fu et al., 2012; Fu et al., 2010a; Fu et al., 2008; Fu et al., 2010b; Wan et 
al., 2009), but attain values up to 152 µg m
-2
 y
-1
 in a urban area (Fang et al., 2004).  
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Compared to Hg wet deposition, little is known about Hg dry deposition via gravitational 
PBM deposition, and especially about dry deposition of the two gaseous forms, GOM and 
GEM. Because GOM is more reactive than GEM, its residence time in the atmosphere is 
shorter as it is readily deposited to terrestrial surfaces. Several studies have shown that GEM 
exchanges between vegetation and the atmosphere also exist and might contribute 
significantly to total Hg deposition (Graydon et al., 2006; Lindberg et al., 1998; Zhang et al., 
2009). Fluxes of GEM to vegetation are bi-directional, and depend on GEM concentration, 
vegetation type, solar radiation and temperature, and lead to diurnal and seasonal variations in 
GEM exchanges (Cobbett and Van Heyst, 2007; Ericksen et al., 2003; Gustin, 2011; Poissant 
et al., 2004). Punctual field measurements of GEM dry deposition have shown large 
variability, with deposition velocities in the range 0.0 – 2.0 cm s-1 (Zhang et al., 2009). 
Consequently, an annual estimation of net GEM dry deposition from field studies is highly 
uncertain, although it could contribute half of total Hg deposition to continental surfaces 
(Holmes et al., 2010). Dry deposition of GEM and GOM on vegetated surfaces, and 
subsequent litterfall was found to be significant, and sometimes even exceeds Hg wet 
deposition (Risch et al., 2012; Teixeira et al., 2012; Wang et al., 2009). 
 
3. Archives of past atmospheric Hg deposition 
Modern industrial Hg emissions to the atmosphere (3000 Mg y
-1
) (Horowitz et al., 2014) 
outweigh natural volcanic Hg emissions of 76 ± 30 Mg y
-1
 (Bagnato et al., 2014) (Appendix 
A) by at least an order of magnitude. Inventories of past anthropogenic Hg emissions suggest 
a first impact of Human during the 16
th
 Century and a large peak during the late 19
th
 Century 
(Figure 2), both related to gold and silver mining in Southern and Northern America 
respectively. An increase in anthropogenic Hg emissions during the 20
th
 Century is attributed 
to industrialization, with a large contribution from coal combustion (Figure 2). The 
anthropogenic pressure on the global atmospheric Hg budget is expected to cause higher Hg 
deposition. Environmental archives can be used in order to reconstruct past Hg deposition. 
Three main kinds of archive are commonly used to investigate past Hg deposition: glaciers, 
lake sediments and peatlands. 
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Figure 2. Estimates of global anthropogenic Hg emissions to the atmosphere according to 
different studies (AMAP, 2013; Horowitz et al., 2014; Hudson et al., 1995; Muntean et al., 
2014; Pirrone et al., 1998; Rafaj et al., 2013; Streets et al., 2011; Strode et al., 2009). 
(Figure from Amos et al. (2015)) 
 
2.1. Galcial records 
Glacial records benefits from good time resolution and extend back to millennia. Only few 
glacial records were used to reconstruct past Hg deposition (Appelquist et al., 1978; Beal et 
al., 2015; Schuster et al., 2002; Vandal et al., 1993), despite the good time resolution over 
several millennia of accumulation. Vandal et al. (1993) investigated Hg deposition during the 
past 34,000 years in Antarctica. The last ice age was characterized by Hg accumulation rates 
(HgARs) of 0.013 µg m
-2
 y
-1
. During the last glacial maximum (28 – 18 Ky BP), HgARs 
increased to reach 0.031 µg m
-2
 y
-1
, before declining back to 0.009 µg m
-2
 y
-1
 during the 
Holocene.  
Only two glacial records studied for past Hg deposition covered the entire industrial 
period. Both records from the Upper Fremont glacier (Schuster et al., 2002) and Mount Logan 
(Beal et al., 2015) indicate an increase in HgARs during the gold and silver rush (1850 – 1900 
AD), followed by a larger increase during the industrial era (Figure 3). Discrepancies between 
these two glacial records are however observed in terms of HgARs. Pre-industrial HgARs 
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obtained from Mount Logan (St. Elias Mountains, border of Alaska and Canada) record 
(0.015 – 0.023 µg m-2 y-1, period 1410 – 1850 AD) are comparable to Holocene HgARs from 
Antarctica. In contrast, the Upper Fremont glacier record (UFG, Wyoming, US) indicates pre-
industrial HgARs two orders of magnitude higher (0.8 µg m
-2
 y
-1
, period 1719 – 1847 AD). 
The maximum enrichment factors during the industrial era compared to pre-industrial 
background (EFpreind) also differs between the two records. The UFG record suggests a 20-
fold increase in HgAR, while St. Elias record indicates a larger EF between 50 and 80. Both 
records show a recent decline in HgAR. A study based on snow cores from Greenland also 
revealed a decline in snow Hg concentration, with maximum Hg concentrations were found 
for snow deposited prior 1965 (Boutron et al., 1998).  
In addition to deposition records, glaciers can be used as a direct record of past 
atmospheric GEM concentration. For this purpose, Fain et al. (2009) measured GEM 
concentration in polar firn air and were able to reconstruct GEM concentration for the last 
seventy years (1940 – 2009). The profile obtained was similar to deposition, with increasing 
GEM concentration until 1970 to reach 3 ng m
-3
 and a decline afterwards to 1.5 ng m
-3
. 
Glaciers are not well distributed at the Earth surface. They are therefore not suitable 
for examining the spatial variability in past HgAR. Additionally, results from such studies are 
very limited. 
 
Figure 3. Evolution of HgAR reconstructed from ice cores from Mount Logan (a) and the 
Upper Fremont Glacier (b) (according to Beal et al., 2015). 
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2.2. Lake sediments 
Lake sediments are better distributed and widely used as archives of historical Hg 
accumulation (Biester et al., 2007; Engstrom et al., 2014; Fitzgerald et al., 1998). They 
integrate Hg from direct atmospheric deposition to the lake and from the watershed. Hence, 
HgARs in lake sediments depend on atmospheric deposition and watershed inputs (Das et al., 
2015; Engstrom et al., 2007; Lorey and Driscoll, 1999; Rydberg et al., 2015). Prior to 
sedimentation, Hg can be reemitted to the atmosphere from the lake surface (Hines and 
Brezonik, 2007; Southworth et al., 2007), which hampers absolute Hg deposition 
reconstruction. Assuming that Hg deriving from the watershed is dependent on atmospheric 
deposition and constant Hg evasion rates, variations in past Hg deposition can be 
reconstructed from lake sediment cores. 
Based on these lake archive studies, there is a consensus that atmospheric Hg 
deposition to remote areas has increased by a factor of 3 – 4 since pre-industrial times (Biester 
et al., 2007; Engstrom et al., 2014; Lindberg et al., 2007; Zhang et al., 2014). However, no 
peak in HgAR can be associated with the gold and silver rush in North America, contrasting 
with estimated inventories of anthropogenic Hg emissions to the atmosphere (Figure 4). 
 
Figure 4. Historical trends in Hg accumulation flux to lake sediments (Black circles, 
normalized to 1800 – 1850 level) from remote locations (A), Eastern US (B) and East China 
(C) (according to Zhang et al. (2014)). The red curve reports the evolution of the emission 
inventory from Streets et al. (2011) and the green curve represent the emission inventory with 
mining emissions reduced by a factor of three according to the hypothesis of Zhang et al. 
(2014). 
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2.3. Peatland records 
Peatlands consist in an accumulation of organic matter produced by successive generations of 
decomposed vegetation. It was found that once deposited, Hg is efficiently sequestered in the 
firsts centimeters of the peat column (Benoit et al., 1998). Two main kinds of peatland are 
distinguished: minerotrophic peatlands are fed by atmospheric deposition and lateral runoff, 
and ombrotrophic peatlands (or peat bogs) are exclusively fed via atmospheric deposition. 
The use of ombrotrophic peatlands as archives of past metal deposition has the advantage to 
permit a direct estimate of atmospheric deposition. Despite this difference, an ombrotrophic 
and a minerotrophic peatlands from the Swiss Jura mountains revealed consistent trends in 
past Hg accumulation, despite different absolute HgAR values (Roos-Barraclough and 
Shotyk, 2003). 
 Peatlands, and especially peat bogs, have been widely used to investigate past Hg 
deposition. From these studies, three distinct periods of HgAR are observed (Amos et al., 
2015; Enrico et al., in prep). The first large anthropogenic impact on Hg cycling is thought to 
be large-scale mining in America, which began around 1500 AD. Reconstructed HgARs prior 
this period (pre-mining) vary between 0.2 and 3.3 µg m
-2
 y
-1
 (Figure 5). Prior 
industrialization, HgARs increased by a median factor of 8 (period 1760 – 1880). The period 
of maximum HgARs (20Cmax period) is commonly found between 1940 and 1990, and is 27 
times (median value) the pre-mining background.  
For all periods considered, there is at least one order of magnitude variation in HgAR 
(Figure 5), which could be related to spatial variability in atmospheric Hg concentration and 
deposition. In addition to these inter-site discrepancies, several studies based on multiple 
cores from single peatlands reported relatively high intra-site variability (Allan et al., 2013; 
Bindler et al., 2004; Martínez Cortizas et al., 2012). This suggests that HgARs inferred from 
peat records are probably influenced by factors independent on atmospheric Hg concentration 
and Hg wet deposition. 
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Figure 5. Summary of HgARs inferred by peat records found in the literature, separated in 
three periods: pre-mining (pre-1500 AD, n = 22), pre-industrial (1760 – 1880 AD, n = 37) 
and the period of maximum HgAR in the 20
th
 Century (n = 42). The bounds of the boxes 
represent the lower and upper quartiles, the central line stands for the median and the 
whiskers cover the extreme data, except outliers (red crosses). 
 
2.4. Comparison of the different types of archives 
Because of potential Hg losses by re-volatilization and differences in Hg deposition 
mechanisms between the different types of environmental archives, direct comparison of 
HgARs should be avoided. Using the three reference periods defined by Amos et al. (2015), 
we compare enrichment factors (EFs) by normalizing 20Cmax HgARs to pre-mining HgAR 
(EFalltime) or pre-industrial HgAR (EFpreind).  
In a review, Biester et al. (2007) suggested peatlands to show larger enrichment 
factors (EF) of 40 compared to lake sediments and concluded lake archives to be more 
reliable. Recently Amos et al. (2015) reconciled the difference in EFs between peat and 
sediment archives, by indicating that Biester et al. (2007) used different pre-industrial 
reference periods for peat and sediments. Revised EFpreind comparing maximum 20
th
 Century 
HgAR to pre-industrial HgAR (1760 – 1880) for sediments (2.9) and peat (4.3) show good 
agreement (Amos et al., 2015). The enrichment relative to pre-mining HgAR is also 
comparable between lake sediments (median of 17) and peatlands (median of 27). 
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 Relative changes in HgAR, represented by EFs, are thus comparable between lake 
sediment and peat archives. Reconstructed absolute HgARs from lake sediment cores are not 
always comparable to atmospheric Hg deposition, as watershed and lake processes modulate 
the timing and magnitude of the Hg flux to sediments. While it is suggested that Hg is 
immobile in peat bogs (Benoit et al., 1998; Zaccone et al., 2009), the potential photochemical 
reemission of Hg from bog surfaces requires more study.  
 A comparison of modern HgAR reconstructed from lake sediments (8 ± 3 µg m
-2
 y
-1
), 
peat bogs (11 µg m
-2
 y
-1
) with direct measurements of Hg wet deposition (8 µg m
-2
 y
-1
) in the 
same area have shown high consistency (Lamborg et al., 2002), suggesting that Hg wet 
deposition is the dominant transfer mechanism from the atmosphere to both lake sediments 
and peat bogs. However, modern HgARs reconstructed from peatland records in Europe and 
North America often exceed monitored Hg wet deposition (Biester et al., 2007). It was 
proposed that this discrepancy could derive from inaccurate peat datings because of 
210
Pb 
infiltration, Hg loss during decomposition processes or significant contribution from Hg dry 
deposition as PBM, GOM and/or GEM (Biester et al., 2007). Peat decomposition and 
210
Pb 
issues were then tested (Hansson et al., 2014; Outridge and Sanei, 2010). It was shown that 
peat decomposition does not induce variations in HgARs, but 
210
Pb infiltration could 
eventually lead to an overestimation of accumulation rates. The third hypothesis of significant 
contribution from Hg dry deposition was not evaluated and will be investigated in this thesis, 
using Hg stable isotope signatures in a peat bog ecosystem, including wet deposition, 
atmospheric Hg species (GEM, GOM, PBM), living vegetation and peat samples.  
 
4. Mercury stable isotope fractionation 
Among the seven Hg stable isotopes (
196
Hg, 
198
Hg, 
199
Hg, 
200
Hg, 
201
Hg, 
202
Hg and 
204
Hg), all 
can fractionate mass-dependently (MDF) during incomplete Hg transformations. Odd Hg 
isotopes (
199
Hg and 
201
Hg) can also fractionate independently of their masses (MIF) 
(Bergquist and Blum, 2007; Blum et al., 2014). Mass-dependent and independent 
fractionations give rise to different Hg isotope signatures. 
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The δ-notation used for reporting Hg isotope signatures consist in isotope ratios normalized to 
the international SRM NIST 3133. 
198
Hg is commonly used as the reference for calculating 
ratios and δ : 
δ𝑥𝑥𝑥𝐻𝑔 =
(
 
 
(
𝐻𝑔𝑥𝑥𝑥
𝐻𝑔198
)
𝑠𝑎𝑚𝑝𝑙𝑒
(
𝐻𝑔𝑥𝑥𝑥
𝐻𝑔198
)
𝑁𝐼𝑆𝑇3133
− 1
)
 
 
× 1000 
Where 
xxx
Hg stands for the different measured Hg isotopes (
199
Hg, 
200
Hg, 
201
Hg, 
202
Hg and 
204
Hg). 
The theoretical kinetic MDF law suggests that all δxxxHg are linearly related during 
MDF. The existence of Hg MIF produces nonlinear relations. Using δ202Hg as a reference, 
MIF is quantified as the deviations from the theoretical MDF law, and noted by Δ : 
𝛥𝑥𝑥𝑥𝐻𝑔 =  𝛿𝑥𝑥𝑥𝐻𝑔 − 𝛽 × 𝛿202𝐻𝑔 
Where 
xxx
Hg stands for the different measured Hg isotopes (
199
Hg, 
200
Hg, 
201
Hg and 
204
Hg), 
and β is a MDF constant that relates all δ values (0.252, 0.5024, 0.752 and 1.493 for 199Hg, 
200
Hg, 
201
Hg and 
204
Hg respectively). 
 
Two different types of reactions can lead to odd Hg isotope MIF. Nuclear volumes of 
Hg isotopes are linearly related to their masses, except for odd Hg isotopes (Figure 6). This 
can cause MIF of these two odd Hg isotopes (nuclear volume effect, NVE), with larger effects 
on 
199
Hg than 
201Hg (Δ199Hg/Δ201Hg ~ 1.6) (Zheng and Hintelmann, 2010b). In natural 
samples, significant NVE has not yet been observed. It was shown experimentally during Hg 
evaporation from liquid Hg (Estrade et al., 2009; Ghosh et al., 2012). 
The main mechanism causing odd-isotope MIF in the environment is the magnetic 
isotope effect (MIE). It affects isotopes with non-0 nuclear spin, which is the case for 
199
Hg 
and 
201
Hg. It is responsible for large MIF in the aqueous environment during photochemical 
reactions (Bergquist and Blum, 2007). Photoreduction of aqueous inorganic Hg
II
 affects 
199
Hg 
and 
201
Hg similarly (Δ199Hg/Δ201Hg ~ 1), while photodemethylation produces higher 
anomalies in 
199Hg (Δ199Hg/Δ201Hg ~ 1.36). The product Hg0 is depleted in odd Hg isotopes 
compared to reactants, producing negative anomalies in ambient air. A reverse MIE was 
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observed during Hg photoreduction from snow, and in the presence of S-containing ligands in 
solution, and possibly during foliar Hg photoreduction (Demers et al., 2013; Sherman et al., 
2010; Zheng and Hintelmann, 2010a).  
 
 
Figure 6. Schematic view of the different Hg isotope fractionation mechanisms (according to 
Wiederhold (2015)).  Mass-dependent (MDE), nuclear volume (NVE) and magnetic isotope 
effects (MIE). Arrows qualitatively indicates fractionation effects on the different Hg isotopes 
in the reaction product. 
 
Recently, the occurrence of even isotope MIF was reported by several authors (Chen 
et al., 2012; Demers et al., 2013; Gratz et al., 2010; Wang et al., 2015). Neither the NVE nor 
the MIE can produce even isotope MIF. Another known mechanism of MIF is self-shielding, 
thought to be responsible for MIF of oxygen isotopes (Thiemens and Heidenreich, 1983), and 
could be responsible for even Hg isotope MIF. Significant anomalies of even Hg isotopes 
were mostly reported for precipitation samples, suggesting that this process occurs during 
oxidation of GEM into GOM or PBM at high elevations (upper troposphere and stratosphere) 
(Chen et al., 2012). However, because such significant even isotope MIF was never produced 
experimentally, the mechanism of even Hg isotope MIF is not constrained. An interesting 
study on Hg vapor lamps, where GEM oxidation takes place, have shown simultaneous even 
and odd isotope MIF, without the exact MIF mechanim(s) being clear (Mead et al., 2013). 
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With MDF, odd and even Hg isotope MIF, we have at our disposition five independent 
signatures (δ202Hg, Δ199Hg, Δ200Hg, Δ201Hg and Δ204Hg) to better address Hg sources and 
transformation processes.  
 
5. Mercury isotopes in the environment 
A summary of Hg isotope observation of natural samples (δ202Hg and Δ199Hg) is presented in 
Figure 7 (Yin et al., 2014). δ202Hg (MDF) covers a 21 ‰ range (-6 to 15 ‰), and Δ199Hg 
varies more with 10 ‰ variations in the environment. Extreme δ202Hg values (-6 and +15 ‰) 
were both found in roasted ore waste, suggesting that roasting of cinnabar (HgS) ores causes 
large MDF (Smith et al., 2014). Apart for these specific samples, the highest δ202Hg and 
Δ199Hg are found in aquatic organisms, produced by aqueous Hg photoreduction and 
conserved along the trophic chain. Measurements of Hg stable isotope signatures in the 
oceanic reservoir represents a challenge, as Hg concentration in sea water is very low (on the 
order of 1 pmol L
-1
) (Lamborg et al., 2014). Only one study reported Hg stable isotope 
signatures of coastal sea water, which displayed mostly positive Δ199Hg (Štrok et al., 2015). 
Analyses of atmospheric gaseous Hg have shown mostly negative Δ199Hg, which are probably 
caused by aqueous Hg photoreduction as well. The lowest Δ199Hg are found in snow samples, 
possibly related to the reverse MIE (Sherman et al., 2010).  
The single largest Hg emission source globally is coal combustion. An extensive study 
on coal Hg isotope composition has shown a large variability in δ202Hg (-3 to 1 ‰, n = 164) 
(Sun et al., 2014). Relatively large variability in Δ199Hg was also observed (-0.6 to 0.2 ‰, n = 
164). Emitted Hg from global coal combustion during the past ~ 150 years is thought to have 
relatively constant δ202Hg and Δ199Hg, based on geographical differences in coal Hg isotope 
composition and historical coal combustion inventories (Sun et al., 2014).  
Vegetation samples (plants, lichens) display mostly negative δ202Hg and Δ199Hg 
(Figure 7). This is thought to be related to the negative anomalies found in atmospheric GEM 
(Demers et al., 2013; Gratz et al., 2010; Rolison et al., 2013), and to a large MDF 
fractionation factor during GEM dry deposition to plant foliage (Demers et al., 2013) (Chapter 
1, this study).  
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Precipitation globally displays positive Δ199Hg (Chen et al., 2012; Demers et al., 2013; 
Donovan et al., 2013; Gratz et al., 2010). Precipitation Hg derives from GOM and PBM 
scavenging to cloud water after GEM oxidation. It was supposed that the positive Δ199Hg 
found in precipitation derived from Hg photoreduction occurring in cloud droplets, depleting 
residual aqueous Hg in even Hg isotopes (Gratz et al., 2010; Sonke, 2011). It is also possible 
that the mechanism causing the even Hg isotope MIF observed in precipitation also results in 
a parallel odd Hg isotope MIF, leading to positive precipitation Δ199Hg. 
 
 
Figure 7. Summary of published data for terrestrial samples for δ202Hg (A) and Δ199Hg (B) 
(after Yin et al. (2014)). 
 
It is worth noting that precipitation and atmospheric GEM have distinct Δ199Hg and 
may therefore be used to discern Hg wet deposition from GEM dry deposition. In a forested 
ecosystem, GEM dry deposition was found to be the predominant Hg transfer pathway from 
ambient air to Aspen foliage (Demers et al., 2013). Subsequent litterfall accounted for 84 % 
of total Hg deposited to the forest floor, whereas only 16 % derived from Hg wet deposition.  
In a peat bog ecosystem, surface vegetation might have an important role in Hg sequestration 
(Rydberg et al., 2010), and possibly peat Hg isotope composition. Mercury accumulation rates 
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in peatlands compared well with Hg wet deposition measurements, suggesting that peat bogs 
record mostly past Hg wet deposition (Benoit et al., 1998; Lamborg et al., 2002). Other 
studies suggested that gaseous Hg dry deposition contributes significantly to Hg accumulation 
in peat (Outridge and Sanei, 2010). Two studies reported peat Hg isotope composition, with 
large differences between the two studied sites. Penido Vello is a peat bog located in North-
Western Spain, and presented large negative δ202Hg (average -4.0 ± 0.5 ‰, 1σ, n = 38), as 
well as negative Δ199Hg (average -0.31 ± 0.07 ‰, 1σ, n = 38) (Ghosh et al., 2008; Yin et al., 
2014). In contrast, Hongyuan peatland in the Tibetan plateau displayed 3 ‰ higher δ202Hg 
(average -0.8 ± 0.2 ‰, 1σ, n = 27) and positive Δ199Hg (average 0.15 ± 0.10 ‰, 1σ, n = 27) 
(Shi et al., 2011). Neither study provided an in-depth interpretation of observation. These two 
studies will be further discussed in chapter 2, in comparison with the observations made in 
this work. 
 
6. Objectives 
The modern atmospheric Hg cycle is perhaps the most studied aspect of the global Hg cycle. 
Major outstanding questions remain however; the magnitude of Hg dry deposition compared 
to Hg wet deposition is ill-constrained and so are the factors that control Hg dry deposition. 
The magnitude by which humans have modified the global Hg cycle and in particular 
atmospheric Hg deposition to remote ecosystems is under debate (factor 3 or 30?). The impact 
(local, global?) of early colonial large-scale mining operations (1500-1900) is still unclear. 
The central objective of this doctoral research project was therefore to use Hg isotopes to 
better constrain modern and historical Hg deposition to peatland ecosystems. 
The most important step will be to better characterize Hg deposition to peatlands. 
Most of previous studies did not discuss the different Hg deposition mechanisms and often 
focused on temporal variability in HgAR in single records. Chapter 1 describes a 3-year 
experiment conducted at the Pinet peat bog in the French Pyrenees. The objective was to 
evaluate the possible influence of photochemical processes on Hg sequestered at the peat-
atmosphere interface and the influences of Hg wet and dry deposition.  
Based on the findings of Chapter 1, we will compare in Chapter 2 the Hg isotope 
composition of different peatlands from the Northern Hemisphere. Two Pyrenean peatlands 
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were analyzed for Hg isotopes. Other peat samples from two Canadian and five Norwegian 
peatlands were provided by Peter Outridge, William Shotyk and Eiliv Steinnes. Results will 
be compared with two published peat archives studies in Spain and China. By analyzing 
samples from different peatlands, we intend to investigate potential differences in Hg 
sequestration between peatlands.  
The two Pyrenean peatlands (Pinet and Estibere) have been extensively studied for Hg 
isotope signatures at high temporal resolution. Historical variations in Hg deposition, GEM 
concentration and Hg isotope signatures at the two sites will be compared and discussed in 
Chapter 3. Chapter 3 illustrates the full potential of Hg isotopes in peat records to understand 
Hg deposition mechanisms and Hg sources to the atmosphere. 
Up to now, fifty-four peatlands were studied for past Hg deposition in the Northern 
Hemisphere, with most of them conducted on European peatlands. The last chapter will be 
devoted to a reconsideration of these studies using our findings from Chapters 1 – 3. The 
overall temporal trends in HgARs inferred by all previous studies will be compiled to 
reconstruct past HgAR at a European scale. The anthropogenic impact on Hg accumulation in 
peatlands will be discussed in terms of amplitude and timing of anthropogenic enrichment of 
the atmospheric Hg reservoir. 
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1. Peat coring and peat sample processing 
Wardenaar and Russian corers were used to collect peat cores. Wardenaar corers (12 x 12 cm) 
(Wardenaar, 1987) are commonly used for surface layers (upper ~ 1 m). Russian corers have a 
semi-cylindric shape and are used for deeper peat layers. After sampling, all cores are kept 
frozen until peat core cutting. Pyrenean peat cores were processed following Givelet et al. 
(2004) and Le Roux and De Vleeschouwer (2010). Briefly, frozen peat cores were cut at 1 
cm-resolution using a stainless band saw. Wardenaar layers were cut in four subsamples for 
types of analyses (pollen, geochemistry, Hg analyses and archives) (Figure 1). The edges of 
each layer were considered as potentially contaminated and removed. Then, Wardenaar 
samples were measured and weighed for determination of volume, density and exact depth. 
The surface of Russian samples was found to be irregular, so all samples were measured for 
thickness, and the surface was determined from pictures with ImageJ software. 
 
Figure 1. Subsampling strategy for Wardenaar peat slices (adapted from Givelet et al., 2004) 
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All samples were then dried and weighed again to obtain the dry mass and density. 
Freeze-drying is preferred to heating because Hg to avoid volatilization of Hg (Roos-
Barraclough et al., 2002).  
 
2.  Peat dating 
Peat dating is needed to identify the different periods of Hg accumulation and to calculate Hg 
accumulation rates (HgAR). Recent peat layers (last 100 – 150 years of peat accumulation) 
were dated by 
210
Pb activity  and assuming a constant rate of supply (CRS model) (Appleby et 
al., 1988; Le Roux and Marshall, 2011).  
Measurements of total 
210
Pb and 
214
Pb in Pyrenean peat samples were made by γ-
spectrometry at the LAboratoire des FAibles RAdioactivités (LAFARA) of the Observatoire 
Midi-Pyrénées (OMP). Excess 
210
Pb were calculated by subtraction of 
214
Pb to total 
210
Pb, 
assuming that 
214
Pb was in equilibrium with 
226
Ra. Activities of other atmospheric 
radionuclides (
137
Cs and 
241
Am) from anthropogenic origin are also measured to identify 
events such as nuclear weapon testing in the early 1960’s and the Chernobyl accident in 1986 
(Le Roux and Marshall, 2011). 
Older peat layers were dated by radiocarbon (
14
C) analysis. Age-depth models were 
computed from 
210
Pb and 
14
C datings using Clam (Blaauw, 2010) or Bacon (Blaauw and 
Christen, 2011) packages for R software. 
 
3.  Experimental design 
Opaque and transparent surfaces were installed 20 cm from the surface of the Pinet peat bog 
(Figure 2). Living sphagnum was collected nine times, over a period of three years, under 
these plots and in open control areas. Differences in Hg stable isotope signatures are expected 
between plots due to limitations of UV-light (opaque surface) and precipitation inputs (all 
surfaces). Composite epiphytic lichens, pine needles and calluna leaves were also sampled on 
the Pinet peat bog.  
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Figure 2. Picture of the experimental setting on the 
Pinet peat bog. Two opaque (1m² each), two 
transparent Plexiglas (1m² each) and one glass 
surfaces (2m²) were installed ~ 20 cm from the surface 
of the peat bog. Two other 1 m² surfaces were left 
open as controls. 
 
 
 
 
 
Additionally, rain samples were collected during the summer of 2014. Thirteen 
polypropylene buckets were installed on the opaque plates. Collection of precipitation 
samples was done after each rain event to avoid any loss of Hg by photoreduction. Samples 
were transferred from the buckets to clean 1 and 2 L glass bottles and acidified in the lab with 
0.1 – 1% BrCl. 
Atmospheric Hg species were also sampled at the same site. Collection of GEM was 
done by pumping ambient air through iodated carbon traps, where Hg is retained (Fu et al., 
2014). Polyethersulfone and quartz filters preceded the iodated carbon traps in order to 
sample PBM (both filters) and GOM (polyethersulfone filter) (Huang et al., 2013). 
Polyethersulfone filters act as cation exchange membranes and efficiently trap GOM. Results 
obtained from this three-year experiment will be presented in Chapter 1. 
 
4.  Hg concentration analyses 
All freeze-dried solid samples were analyzed for Hg concentration by atomic absorption 
spectrometry using a Milestone Direct Mercury Analyzer (DMA 80). Weighed aliquots were 
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introduced in the DMA and combusted at 500°C during 150 s. All Hg volatilized during 
combustion is transported through a catalyst by an oxygen flow, and trapped in an 
amalgamator (gold sand trap). The catalyst filters halogen and sulfur compounds that could 
alter the amalgamator. The amalgamator is then heated at 500°C during 12 s to liberate the Hg 
trapped, which is analyzed by spectrophotometry. The whole procedure (except weighting) is 
about 4 min per sample. Every five samples, a blank is analyzed to verify if all Hg is well 
volatilized from the amalgamator. A procedural SRM (coal SRMs NIST1632d and 2685b, or 
peat NIMT) is analyzed every ten samples to verify the calibration curve. Long term 
measured average Hg concentration is 91.6 ± 8.2 ng g
-1
 for NIST 1632d (1σ, n = 112, certified 
value 92.8 ± 3.3 ng g
-1
), 144.7 ± 10.5 ng g
-1
 for NIST 2685b (1σ, n = 73, certified value 146.2 
± 10.6 ng g
-1
), and 157.9 ± 8.3 ng g
-1
 for NIMT (1σ, n = 22, certified value 164 ± 20 ng g-1). 
Rain samples were analyzed for Hg concentration by cold vapor – atomic fluorescence 
spectrometry (CV-AFS). Sample aliquots are placed in a Teflon reactor together with 300 µL 
of 10 wt% SnCl2. SnCl2 is used to reduce Hg to its elemental volatile form. Argon is bubbled 
in the reactor during 5 min to facilitate the volatilization of Hg
0
, as well as to transport 
volatilized Hg to an amalgamator. The amalgamator is then heated during 12 s and volatilized 
Hg is analyzed by atomic fluorescence spectrometry. The CV-AFS was calibrated daily using 
a dilute NIST 3133 solution (Hg concentration of 0.1 µg L
-1
). Calibration was verified every 5 
analyses with ORMS-5 reference solution (certified value 26.2 ± 1.3 ng L
-1
). 
 
5.  Hg extraction for Hg isotope ratio determination 
Mercury from solid samples was thermally volatilized and trapped in an oxidizing 
solution, following a protocol adapted from Biswas et al. (2008) (Figure 3). The detailed 
protocol can be found in Appendix B (Sun et al., 2013). Briefly, a 0.1 – 2 gram aliquot of peat 
sample (representing at least 10 ng of Hg) is placed in a double tube furnace line. The sample 
furnace is heated from ambient temperature until 1000°C, with temperature increasing slowly 
(2.5°C min
-1
). Combustion gases are transported with an oxygen flow of 25 mL min
-1
 through 
the second tube furnace heated at 1000°C. This permits decomposition of all Hg species and 
combustion gases prior to bubbling in a 40% inverse aqua regia solution (HNO3/HCl 2:1 
vol/vol) through an impinger. Gaseous Hg is oxidized and trapped in this solution. The 
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volume of solution used depended on the amount of Hg in the combusted sample. A 10 mL 
solution was used for 10 to 20 ng of Hg, and a 30 mL solution was used for larger amounts of 
Hg (> 60 ng). Varying the vector gas (air, O2), the gas flow (15 – 25 mL min
-1
), the ramp 
temperature (1.5 – 2.5 °C min-1) or the trapping solution (HNO3/HCl from 1:3 to 3:1) did not 
result in significant differences in Hg recovery (Appendix B). 
 
 
Figure 3. Schematic diagram of the combustion-trapping assembly (from Sun et al., 2013, 
Appendix B). The gas flow is indicated by the dashed arrow. Thick-walled (3 mm) silicone 
tubing is used for connecting the outlet of furnace quartz tube to the impinger. 
 
 
An adapted protocol was used to desorb GEM from iodated carbon traps (Fu et al., 
2014). Volatile iodine can be trapped in the final solution and interferes with Hg stable 
isotope measurements. A catalyst tube (designed for Leco-AMA 254 mercury analyzer) was 
added in the decomposition furnace to remove halogen compounds. The catalyst was heated 
at 680°C, and the sample furnace was heated from ambient temperature to 900 °C. 
Mercury from rain water was pre-concentrated using a protocol similar to Sherman et al. 
(2012). One liter of rain water was placed in a clean 2L glass bottle (Figure 4). Before 
proceeding, BrCl was neutralized by adding hydroxylamine. Mercury was reduced by 
progressive addition of SnCl2 (100mL in about 40 min). Argon was bubbled in the rain water 
sample and transported reduced Hg to a 10 mL 40% inverse aqua regia solution (HNO3/HCl 
2:1 vol/vol). The yields of Hg pre-concentration were calculated using Hg concentration 
measured in subsamples by CV-AFS. Nine rain water samples and three diluted NIST 3133 
solutions were processed, with Hg recoveries between 95 and 105 %. 
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Figure 4. Scheme of the experimental setting for Hg preconcentration for low Hg 
concentration liquid samples. 
 
6.  Hg stable isotope ratio measurements 
Hg stable isotope ratios were measured using a Thermo-Finnigan Neptune MC-ICPMS 
coupled with a cold-vapor generator (Cetac HGX-200). MC-ICPMS allows high precision 
measurement of all stable isotopes simultaneously with nine faraday cups (Figure 5). Prior to 
analyses, all solutions were diluted to 20 vol% acid concentration. Solution samples were 
pumped using a peristaltic pump, mixed with SnCl2 and reduced in the cold vapor generator. 
Vapor Hg
0
 is then introduced in the MC-ICPMS with an argon flow. Gaseous Hg
0
 is ionized 
in the plasma and the different Hg isotopes are separated according to their masses in a 
magnetic field. Mass bias was corrected by bracketing samples with SRM NIST 3133.  
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Figure 5. Schematic diagram of the coupling of the hydride generator (HGX-200) with the 
MC-ICPMS  
 
Every ten analyses, a secondary reference material (UM-Almaden or ETH-Fluka) of 
known Hg isotope composition is measured to validate the measured ratios. Other procedural 
standards are measured as samples. Reproducibility and accuracy of the measurements is 
assessed by long term repeated measurements of the procedural and secondary reference 
materials. The average Hg isotope composition is comparable to other published values 
(Table 1). 
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Table 1. Comparison of internal standards Hg isotope composition from this study 
with other published results: 
SRM reference n δ202Hg 2σ Δ199Hg 2σ Δ200Hg 2σ Δ201Hg 2σ Δ204Hg 2σ 
U
M
-A
lm
a
d
e
n
 this study 46 -0.57 0.12 -0.03 0.06 0.00 0.08 -0.04 0.06 -0.01 0.14 
(Bergquist and Blum, 
2007) 
25 -0.54 0.08 -0.01 0.02 0.00 0.02 -0.04 0.04 
  
(Demers et al., 2013) 20 -0.59 0.06 -0.02 0.06 0.00 0.06 -0.05 0.06 -0.01 0.09 
(Jiskra et al., 2012) 4 -0.55 0.02 -0.02 0.05 0.00 0.02 -0.01 0.07 0.00 0.08 
E
T
H
-
F
lu
k
a
 this study 57 -1.43 0.14 0.08 0.06 0.03 0.08 0.03 0.06 -0.02 0.12 
(Jiskra et al., 2012) 16 -1.38 0.09 0.08 0.03 0.02 0.02 0.03 0.04 -0.02 0.05 
(Smith et al., 2014) 18 -1.43 0.10 0.08 0.06 0.03 0.07 0.03 0.06 0.00 0.06 
NIST 2685b 
This study, Sun et al. 
(2013) 
8 -2.75 0.18 0.00 0.05       
N
IS
T
 
1
6
3
2
d
 This study, Sun et al. 
(2013), batch 1 
8 -1.82 0.22 -0.03 0.05       
This study, batch 2 16 -1.51 0.27 -0.02 0.07 0.01 0.03 -0.04 0.03 -0.01 0.08 
NIST 1632c (Sherman et al., 2012)  -1.86 0.13 -0.04 0.04 0.01 0.03 -0.04 0.03   
 
Mercury was extracted from two coal SRMs (NIST 1632d and NIST 2685b) using 
tube furnaces. Results of Hg isotope composition are provided in Table 1. Hg isotope 
composition of NIST 1632d reported by Sun et al. (2013) includes part of the extractions 
made for this thesis. Results reported for batch 2 in Table 1 refers to a different batch of NIST 
1632d, which gave slightly different results in δ202Hg. 
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Objectifs et résumé 
Ce premier chapitre a pour but d’évaluer les tourbières en tant qu’archives de dépôts de 
mercure (Hg), et notamment de quantifier les apports par dépôts humides et dépôts secs de Hg 
particulaire (PBM), Hg oxydé gazeux (GOM) et Hg élémentaire gazeux (GEM). Bien que de 
nombreuses études aient reconstruit les dépôts de Hg en utilisant des carottes de tourbe, les 
mécanismes de dépôts ainsi que la possibilité de réémission par photochimie ne sont toujours 
pas bien contraints. Une approche basée sur l’isotopie du Hg a donc été appliquée pour mieux 
contraindre l’origine du Hg accumulé dans les tourbières, ainsi que d’évaluer l’éventuelle 
influence d’une réémission de Hg après dépôt. 
La tourbière du Pinet dans les Pyrénées françaises a donc fait l’objet d’une étude 
approfondie sur la dynamique des dépôts de Hg. Dans ce cadre, deux plaques opaques (1 m
2
), 
deux plaques en plexiglas transparent (1 m
2
), et une plaque en verre (2 m
2
) ont été installées à 
20 cm de la surface de la tourbière. Deux surfaces de 1 m² ont été laissées libres comme 
contrôles. Des échantillons de sphaignes ont été prélevés à neuf reprises sous ces plaques 
entre Décembre 2011 et Juillet 2014. L’objectif de cette expérience est d’évaluer la possibilité 
de réémission du Hg par photochimie, et de quantifier les influences des dépôts secs et 
humides. La présence de plaques réduit les apports de Hg par voie humide. Des différences 
étaient également attendues entre les sphaignes collectées sous les différentes plaques, en 
raison de différentes intensités de réémission photochimique. Seuls les échantillons collectés 
sous les plaques opaques et en verre, ainsi que les contrôles ont été analysés pour l’isotopie du 
Hg. Les plaques en plexiglas se sont montrées trop fragiles et avaient tendance à s’opacifier 
avec le temps. 
Lors de l’été 2014, des échantillons de pluie, de mercure élémentaire gazeux (GEM), 
et des espèces oxydées de Hg présentes dans l’atmosphère (Hg oxydé gazeux et Hg 
particulaire, GOM + PBM) ont été prélevés pour analyses de leur composition isotopique en 
Hg. Ces mêmes espèces ont été échantillonnées au Pic du Midi par Nicolas Marusczak du 
GET pour comparaison. 
Des carottes de tourbe échantillonnées en Septembre 2011 ont été datées (
210
Pb) et 
analysées pour la concentration en Hg et leur composition isotopique en Hg. En surface, un 
flux net de Hg de 34 ± 8 µg m
-2
 an
-1
 a été obtenu, alors que les dépôts humides sont estimés à 
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9 µg m
-2
 an
-1. De cette observation, on déduit qu’une source de Hg est manquante. Les 
compositions isotopiques en Hg des sphaignes montrent des δ202Hg entre -2.2 et -0.8 ‰, 
Δ199Hg entre -0.31 et 0.05 ‰ et Δ200Hg entre -0.04 et 0.07 ‰. Les anomalies en isotopes pairs 
et impairs sont beaucoup plus proches de celles du GEM (Δ199Hg = -0.17 ± 0.07 ‰, Δ200Hg = 
-0.05 ± 0.02 ‰, 1σ, n = 10) que des dépôts humides (Δ199Hg = 0.72 ± 0.15 ‰, Δ200Hg = 0.21 
± 0.04 ‰, 1σ, n = 9) ou du GOM + PBM échantillonné à l’observatoire du Pic du Midi 
(Δ199Hg = 0.44 ± 0.35 ‰, Δ200Hg = 0.15 ± 0.11 ‰, 1σ, n = 12). Alors que le Δ199Hg peut être 
légèrement altéré par photoréduction du Hg présent dans les sphaignes, le Δ200Hg est 
conservatif dans un tel écosystème. Par bilan de masse, on déduit donc que 79 ± 9 % des 
dépôts de Hg sur la tourbière du Pinet se fait par dépôt sec de GEM, ce qui est en accord avec 
les 25 µg m
-2
 an
-1
  manquants identifiés par l’analyse des carottes de tourbe. 
Une différence de -2.5 ‰ en δ202Hg est observée entre les sphaignes et le GEM. Ce 
résultat est cohérent avec une précédente étude, ayant montré que le dépôt sec de GEM sur 
des feuilles est accompagné d’un fractionnement de -2.9 ‰. Ce fort facteur de fractionnement 
est également reflété dans l’isotopie du GEM au-dessus de la tourbière, significativement 
enrichi en isotopes lourds comparé au GEM échantillonné au Pic du Midi.  
Ces résultats ont des implications majeures pour l’étude des dépôts de Hg à l’aide de 
carottes de tourbe. Les tourbières n’enregistreraient pas seulement les dépôts humides de Hg, 
mais pourraient être utilisées directement comme archives de concentration atmosphérique en 
Hg. Les dépôts secs de GEM sur la végétation sont également suspectés être un mécanisme de 
transfert de Hg important entre l’atmosphère et les continents à l’échelle globale. 
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ABSTRACT 
Gaseous elemental mercury (GEM) is the dominant form of mercury in the atmosphere. Its 
conversion into oxidized gaseous and particulate forms is thought to drive atmospheric 
mercury wet deposition to terrestrial ecosystems. The contribution of mercury dry deposition 
is largely unconstrained. Here we examine Hg mass balance and Hg stable isotope 
composition in a peat bog ecosystem. We find that isotope signatures of living sphagnum 
moss and recently accumulated peat are characteristic of GEM. Sphagnum covered by UV-
transparent and opaque surfaces, which eliminate wet deposition, confirm the dominant GEM 
deposition source, and indicate little photochemical re-emission of dry deposited mercury. 
Together with similar isotope effects previously observed in a forested ecosystem, our 
findings suggest that atmospheric mercury deposition to vegetated land surfaces is dominated 
by GEM dry deposition rather than wet deposition. Consequently, peat deposits record the 
historical evolution of atmospheric GEM isotopic composition and potentially atmospheric 
GEM concentration. 
 
INTRODUCTION 
Mercury (Hg) is a toxic element to humans and wildlife (Mergler et al., 2007). Modern 
anthropogenic Hg emissions (2000 – 4000 Mg y-1) (Horowitz et al., 2014; Streets et al., 2011) 
outweigh natural volcanic emissions (76-300 Mg y
-1
) (Amos et al., 2015; Bagnato et al., 
2014) by an order of magnitude. Gaseous elemental mercury (GEM), the dominant emitted 
form of Hg, is relatively unreactive, leading to a long atmospheric life-time of 6-12 months 
and wide dispersal of GEM across the globe (Selin et al., 2008). Atmospheric GEM can be 
oxidized to soluble and short-lived gaseous oxidized Hg (GOM) species that may adsorb to 
aerosols to form particulate bound Hg (PBM). GOM and PBM are readily transferred back to 
the Earth’s surface via wet (i.e. rain and snow fall) and dry deposition (Lindberg et al., 2007). 
Dry deposition includes foliar uptake of GEM and GOM, surface sorption of GEM and GOM 
to vegetation and soil, dissolution of GEM and GOM in water bodies, and gravitational 
deposition of PBM (Lindberg et al., 2007). Wet deposition of Hg is well-constrained, yet 
represents only 2-5 % of global meteorological conditions while dry deposition occurs 95-
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98 % of time (Lindberg et al., 2007). Dry deposition of GOM, PBM and in particular GEM is 
notoriously difficult to assess because it occurs at slow rates, and is a net balance between dry 
deposition and re-emission from soil and vegetation surfaces (Hanson et al., 1995). Diverse 
field studies have investigated GEM transfer between atmosphere and continents and find 
evidence for both net GEM dry deposition or net GEM emission depending on factors such as 
light radiation (seasonal and diurnal cycles), temperature, GEM concentration and canopy 
wetness (Ericksen and Gustin, 2004; Gustin et al., 1997; Zhang et al., 2009). While GEM dry 
deposition has been suggested to be a missing sink in the global Hg mass balance (Gustin et 
al., 2008), the variability in GEM dynamics complicates the determination of a net annual 
balance. Consequently, GEM and GOM dry deposition are under constrained in 3D global Hg 
chemistry and transport models (Selin et al., 2008). This in turn hampers model evaluation of 
environmental policy Hg emission scenarios on atmospheric Hg loading to terrestrial and 
marine ecosystems.  
Mercury’s seven stable isotopes fractionate both mass dependently (MDF) and mass 
independently (MIF) giving rise to five useful isotope signatures, δ202Hg, Δ199Hg, Δ201Hg, 
Δ200Hg, and Δ204Hg, that reflect different Hg sources and/or processes (Bergquist and Blum, 
2009; Blum et al., 2014)  (see SI). Here we use Hg stable isotope variations in a forested 
sphagnum peat bog ecosystem to show that GEM dry deposition outweighs Hg wet deposition 
by at least a factor of four. 
 
 
EXPERIMENTAL SECTION 
Sampling sites. The Pinet peat bog (42°52’ N, 1° 58’ E) is located in the French Pyrenees at 
880 m asl (Figure 1). The surface of the peat bog is presently covered by sphagnum, calluna 
and pines. Annual precipitation in the area is 1161 mm (average for the period 2010 – 2013). 
The Pinet bog is 5 m-deep, representing 10,000 years of peat accumulation. 
 The Pic du Midi observatory (42.94° N, 0.14° E) is located in the French Pyrenees at 
2877 m asl (Figure 1). Atmospheric Hg concentration is monitored at this site using a Tekran 
2537/1130/1135 system (Fu et al., 2014). 
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Figure 1. Location of the sampling sites (Google Earth image): the Pinet peat bog and the 
Pic du Midi observatory (A), and picture of the experimental set up on the Pinet peat bog (B). 
 
Peat sampling. Three peat cores were sampled in September 2010 at the Pinet peat bog using 
a Wardenaar corer. The upper 20 cm peat profiles are presented and compared to fresh 
Sphagnum samples from the same sites. Frozen peat cores were sliced into 1 cm layers. The 
three peat cores were measured for 
210
Pb activity by Gamma-spectrometry and dated 
assuming a constant rate of supply (CRS model). Activities in 
137
Cs and 
241
Am were also 
measured to better constrain the age model and consistently tracked nuclear weapon tests (Le 
Roux and Marshall, 2011). Density was also determined in all peat layers to allow the 
calculation of peat accumulation rate (in g m
-2
 y
-1
).  
Rain and cloud water sampling. During the summer of 2014 (July 10
th
 to August 19
th
), 
thirteen 40 cm diameter polypropylene buckets were installed on top of the opaque covers in 
order to collect event based wet precipitation samples. To avoid any loss of Hg by 
photochemistry, rain samples were collected as soon as possible after each rain event. Rain 
samples were transferred into pre-cleaned Pyrex glass bottles (1 and 2 L volume). Each 
bucket was rinsed with MQ water between all sampling events. All rain samples were then 
oxidized by adding 0.1 – 1 % BrCl until the samples remained slightly yellow (BrCl in 
excess), and kept refrigerated before processing. Cloud water samples were collected with a 
CASCC-2 sampler at the Pic du Midi Observatory and were processed as rain samples. Rain 
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and cloud waters were analyzed by cold vapor atomic fluorescence spectroscopy (CV-
AFS).CV-AFS was calibrated using a diluted NIST3133 solution (0.1 µg L
-1
) and ORMS-5 
CRM (certified value 26.2 ± 1.3 ng L
-1
). 
Air sampling. Gaseous elemental mercury (GEM) was sampled at the Pinet site during the 
same period by pumping air through iodated carbon traps (Fu et al., 2014). Two pumps were 
installed in parallel, with flow rates of approximately 1.5 and 2.5 L.min
-1
. One of the iodated 
carbon traps was preceded by a quartz filter. A polyethersulfone cation exchange membrane 
(CEM) filter (Sterlitech, 0.45 µm pore size, 47 mm diameter) preceded the parallel iodated 
carbon trap to allow determination of gaseous oxidized mercury (GOM) plus particulate 
bound mercury (PBM) concentrations, following protocols by Huang et al. (2013). An air 
volume of 91 m
3
 was sampled through the cation exchange membrane.  
Ten additional GEM samples were taken at the Pic du Midi Observatory using chlorinated 
carbon traps (Fu et al., 2014). Twelve samples of GOM+PBM fractions were also sampled 
with CEM (Sterlitech, 0.45 µm pore size, 47 mm and 90 mm diameter) at the Pic du Midi 
Observatory from June to October 2014, with sampled air volumes between 25 and 77 m
3 
(Huang et al., 2013). 
Experimental design and sphagnum sampling. In December 2011, five experimental plots 
were installed at the Pinet peat bog: two opaque PVC covers (1 x 1 m) and one glass cover (2 
x 1 m) were installed at a height of 30 cm above the peat bog. Two 1m
2
 areas left open were 
used as a control. Sphagnum samples were collected 9 times from December 2011 to July 
2014 from designated areas under these plates in all plots. Care was taken to avoid re-
sampling of the same area within a plot over the three-year period. Additionally, Pine needles, 
calluna leaves, and epiphytic lichens were sampled in July 2014 at the same site. 
A 40 % inverse aqua regia solution (v/v, 2HNO3/1HCl) was used for trapping Hg in 
all procedures. Solutions were then diluted to 20% acid concentration prior to Hg isotope 
determination.  
GOM and PBM on the cation exchange membrane filters were dissolved in 20 % 
inverse aqua regia solution. The solutions were then analyzed by CV-AFS. Samples from the 
Pic du Midi Observatory were measurable for both Hg concentration and isotopic ratios. The 
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GOM + PBM sample from the Pinet peat bog, however, was found to be below the method 
detection limit. This suggests GOM + PBM concentrations below 2.8 pg m
-3
 over the Pinet 
peat bog.  
Hg isotope measurements. Sample solutions were analyzed for Hg isotope ratios by cold 
vapor – multi-collector inductively coupled plasma mass spectrometry (CV-MC-ICPMS) 
using a Thermo-Finnigan Neptune at Midi-Pyrenees Observatory (Toulouse, France). Isotopic 
ratios were corrected for mass bias by sample bracketing using the international standard 
NIST SRM 3133 (Sun et al., 2013). Results are reported as δ-values, representing deviation 
from the bracketing standard and expressed in permil (‰): 
𝛿𝑥𝑥𝑥𝐻𝑔 =
(
 
 
(
𝐻𝑔𝑥𝑥𝑥
𝐻𝑔198
)
𝑠𝑎𝑚𝑝𝑙𝑒
(
𝐻𝑔𝑥𝑥𝑥
𝐻𝑔198
)
𝑆𝑅𝑀3133
− 1
)
 
 
∗ 1000 
MIF is quantified as the δ-values deviation from the theoretical MDF: 
∆𝑥𝑥𝑥𝐻𝑔 = 𝛿 𝐻𝑔𝑠𝑎𝑚𝑝𝑙𝑒 − 𝛽 ∗ 𝛿 𝐻𝑔𝑠𝑎𝑚𝑝𝑙𝑒
202𝑥𝑥𝑥  
Where β-values are 0.252, 0.502, 0.752 and 1.49 for isotopes 199Hg, 200Hg, 201Hg and 204Hg 
respectively, according to the kinetic MDF law. 
Uncertainties on isotopic ratio measurements were assessed by long term 
reproducibility on UM-Almaden, ETH-Fluka and procedural standards. UM-Almaden 
displayed δ202Hg and Δ199Hg of -0.57 ± 0.11 ‰ and -0.04 ± 0.06 ‰ (2σ, n = 46) respectively, 
and ETH-Fluka had δ202Hg and Δ199Hg of -1.43 ± 0.14 ‰ and 0.08 ± 0.06 ‰ (2σ, n = 57).  
Procedural coal (NIST 2685b, n = 5), peat (NIMT, NJV942, n = 5 and 3 respectively) 
and lichen (BCR 482, n = 6) SRMs are used to estimate the reproducibility (Table S1).  
Reproducibility of rain and cloud water pre-concentration method was assessed by 
pre-concentrating Hg from diluted NIST 3133 solutions (n = 3, initial Hg concentrations of 5, 
10 and 15 ng L
-1
). Solutions were then measured for Hg isotope ratios. The variability in the 
δ-values obtained was lower than for procedural coal, peat and lichen SRMs (Table S1). 
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A similar experiment was performed to test Hg sampling and extraction from carbon 
traps. Diluted NIST 3133 solutions were processed as rain samples except that Hg was 
trapped in carbon traps (n = 3). Hg was then extracted using the tube furnace + catalyst 
procedure described above, and analyzed for Hg isotope ratios. Similar to pre-concentration 
tests, the variability observed was lower than for procedural coal, peat and lichen SRMs 
(Table S1). 
Samples were analyzed repeatedly over different session until their long-term 
reproducibility was the same (or better) as the procedural SRMs. 
The uncertainties reported in figures 2, 3, S1, and S2 are the highest 2σ values on procedural 
SRMs (Table S1), found for NIMT peat SRM (for δ202Hg, Δ200Hg and Δ204Hg) and BCR 482 
(for Δ199Hg and Δ201Hg). 
Sample procedures for Hg isotope measurements. Hg stable isotopes were measured when 
sufficient material was available. The firsts 10 cm of peat core C contained very low amount 
of material and could not be analyzed for Hg isotopes. Freeze-dried peat, sphagnum, pine 
needles and calluna leaves samples were analyzed for total Hg concentration with a Milestone 
Direct Mercury Analyzer (DMA 80). DMA 80 was calibrated using coal (NIST 1632d) and 
lichen (BCR 482) CRMs. Accuracy and reproducibility was assessed by replicate 
measurements of CRMs (NIST1632d, BCR482 and NIMT peat). Results were not statistically 
different from certified values, with RSD below 10 %. Hg was then extracted using a 
combustion and acid trapping method (Sun et al., 2013), with extraction yields in the range 
85-110 %. An adapted combustion method was used for iodated and chlorinated carbon traps 
to remove any volatile halogen compounds (Fu et al., 2014). Extractions of iodated carbon 
traps loaded with known amounts of Hg gave yields of 90 ± 4 % (n = 3). Hg from rain and 
cloud water was reduced by progressive addition of 100 mL of a 10 % SnCl2 solution 
(Sherman et al., 2012), purged by bubbling Hg free argon and pre-concentrated in an 
oxidizing solution, following Sherman et al. (2012). Pre-concentration yields were in the 
range 95 – 105 % (n = 9). 
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RESULTS AND DISCUSSION 
Hg deposition mass balance 
Three 
210
Pb dated peat cores from the Pinet bog show a recent net Hg accumulation rate 
(HgAR) of 34 ± 8 µg m
-2
 y
-1
 (mean ± 1σ, period 2005 - 2010). Peat HgARs show similar 
trends globally with median HgAR of 25 µg m
-2
 y
-1
 (-4.5, +20, 1σ, n = 20, period 1990 - 
2000) (Amos et al., 2015). Annual Hg wet deposition at Pinet is 9.3 ± 5.3 µg m
-2
 y
-1
 (rainfall 
Hg concentration of 8.0 ± 4.6 ng L
-1
, 1σ, year 2014) which is similar to extensive monitoring 
of Hg wet deposition in Europe (6.8 ± 3.2 µg m
-2 
y
-1
; annual mean ± 1σ over 2000 - 2009; 13 
sites) (EMEP, http://www.emep.int/) and N-America (9.5 ± 4.2 µg m
-2
 y
-1
; annual mean ± 
1σ over 2000 - 2013; 93 sites) (NADP-MDN, http://nadp.sws.uiuc.edu/mdn/). GOM and 
PBM dry deposition is thought to be < 1 µg m
-2
 y
-1
 at Pinet (see SI). Recent HgAR at the 
Pinet bog and at Northern hemispheric peatlands in general is therefore a factor 3 to 4 times 
higher compared to wet Hg deposition alone. Based on our observed 4 fold higher peat HgAR 
than Hg wet deposition at Pinet, we suggest that an atmospheric Hg source is missing. 
 
Hg isotope compositions of peat and atmospheric Hg 
We examined the Hg isotope composition of atmospheric GEM, Hg wet deposition, and 
living sphagnum moss at Pinet. Figures 2 and S1 show that GEM and Hg wet deposition have 
substantially different δ202Hg, Δ199Hg (and Δ201Hg), and Δ200Hg (and Δ204Hg) and are broadly 
in agreement with global GEM isotopic observations (negative Δ199Hg, close to zero Δ200Hg 
and Δ204Hg) (Demers et al., 2013; Fu et al., 2014; Gratz et al., 2010) and rainfall Hg (positive 
Δ199Hg, positive Δ200Hg, negative Δ204Hg) (Chen et al., 2012; Demers et al., 2013; Gratz et 
al., 2010). Living sphagnum moss has similar Δ199Hg (-0.11 ± 0.09 ‰), Δ200Hg (0.03 ± 0.02 
‰), and Δ204Hg (-0.04 ± 0.04 ‰) as GEM, but is highly enriched in the light isotopes with 
δ202Hg -2.4 ‰ lower than GEM δ202Hg of 1.2 ± 0.1 ‰. Pooled samples of pine needles, 
Calluna (heather) leaves and epiphytic lichens at Pinet show similar shifts of -2.3 to -2.8 ‰ in 
δ202Hg (Figure 2). In the first exhaustive Hg stable isotope study of a forest ecosystem, 
Demers et al. already observed that foliar uptake of atmospheric Hg by aspen trees induces a 
large (-2.9 ‰) shift in δ202Hg compared to GEM (Demers et al., 2013). This large negative 
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fractionation factor characteristic of GEM uptake by foliage could be the result of redox 
reactions within foliage, such as oxidation of GEM by catalase activity (Du and Fang, 1983). 
Whereas δ202Hg tracks foliar uptake, the even isotope MIF signature Δ200Hg (and 
Δ204Hg, see SI), that is thought to originate in the upper atmosphere (Chen et al., 2012), 
behaves conservatively within the Pinet ecosystem and traces the different Hg wet and dry 
deposition sources to sphagnum. Sphagnum Δ200Hg (0.03 ± 0.03 ‰) and Δ204Hg (-0.04 ± 0.04 
‰) more closely resemble GEM Δ200Hg (-0.05 ± 0.02 ‰) and Δ204Hg (0.03 ± 0.05 ‰) than 
Hg wet deposition Δ200Hg (0.21 ± 0.04 ‰), and Δ204Hg (-0.33 ± 0.10 ‰) (all mean ± 1σ; 
Figures 2B, 3 and S1B). Similar to aspen foliage observations (Demers et al., 2013), odd 
isotope MIF signatures in sphagnum may be affected by photochemical Hg reduction on wet 
sphagnum leaf and stem surfaces. We observe that sphagnum Δ199Hg and Δ201Hg closely 
track GEM Δ199Hg and Δ201Hg, suggesting that Δ199Hg and Δ201Hg also predominantly reflect 
a GEM source.  Photochemical foliar Hg reduction in sphagnum is however not negligible, 
based on small but significant differences between sphagnum vs. GEM even and odd isotope 
MIF (see SI, Figure S2). The combined GEM, wet deposition and sphagnum Hg isotope 
observations lead us to posit that GEM dry deposition to sphagnum moss is the missing 
source to Pinet peat. We further suggest that, based on the aspen foliage observations (Demers 
et al., 2013) and pine needles, heather leaves and lichens observations at Pinet, GEM dry 
deposition dominates atmospheric Hg transfer to vegetated continental ecosystems.  
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Figure 2. Mass dependent (δ202Hg) and mass-independent Hg isotope signatures of (A) odd 
(shown as Δ199Hg) and (B) even Hg isotopes (shown as Δ200Hg) in atmospheric Hg and 
sphagnum moss. Sample type and sampling site is shown in the legend, with Pinet referring to 
the Pinet peat bog and PDM to the Pic du Midi Observatory. Sphagnum moss Δ199Hg and 
Δ200Hg closely resemble GEM, and not Hg wet deposition. The 2.4 per mil depletion of 
sphagnum δ202Hg compared to GEM reflects foliar uptake of GEM (Demers et al., 2013).The 
difference in GEM δ202Hg between Pic du Midi and Pinet probably results from vegetation-
GEM interactions. 
 
Hg deposition field experiment 
We conducted a field experiment from Fall 2011 to Summer 2014 at the Pinet bog to test the 
influence of wet and dry deposition, and photochemical Hg re-emission on net Hg deposition 
and isotopic composition of sphagnum moss. Sphagnum moss grown under the opaque cover 
accumulated similar Hg levels as the adjacent uncovered control plot (p = 0.24), and with 
broadly similar Δ199Hg, Δ204Hg (p > 0.05), and δ202Hg, Δ200Hg, Δ201Hg (similar, though p < 
0.05, see SI) as atmospheric GEM (Figures 2 and S1). These findings support the idea of a 
limited role of Hg wet deposition to sphagnum moss. UV-radiation is known to induce 
photochemical odd isotope Hg MIF in aquatic systems (Bergquist and Blum, 2007) and 
possibly on wet vegetation (Demers et al., 2013). A comparison between opaque and UV-
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transparent glass covered plots did not reveal significant differences in sphagnum Δ199Hg or 
Δ201Hg (nor δ202Hg, Δ200Hg and Δ204Hg, all p > 0.05).  
 
 Figure 3. Complementary even Hg isotope anomalies in GEM vs. GOM + PBM fraction, 
cloud water and rainfall. Sample type and sampling site is shown in the legend, with Pinet 
referring to the Pinet peat bog and PDM to the Pic du Midi Observatory. Additionnal black 
filled squares and open black circle are precipitation and TGM data taken from the 
Rhinelander aspen forest study (Demers et al., 2013). The black line represents the linear 
regression for data from this study. Grey lines are the outer bounds for the linear regression 
considering 2SE uncertainty (regression slope: -0.53 ± 0.08, intercept: 0.00 ± 0.02, 2SE, n = 
45). 
 
Additional observations on atmospheric Hg were made at the 150 km upwind Pic du 
Midi Observatory (2877 m asl). We find that the GOM+PBM fraction at Pic du Midi has 
similar Δ200Hg (0.15 ± 0.08 ‰) and Δ204Hg (-0.22 ± 0.08 ‰) as Pic du Midi cloud water (0.24 
± 0.05 ‰ and -0.42 ± 0.14 ‰ respectively, 1σ, n = 5) and as downwind Pinet rainfall Hg 
(0.21 ± 0.04 ‰ and -0.33 ± 0.10 ‰, 1σ, n = 9) (Figure 3). This is consistent with GOM+PBM 
as the origin of Hg in cloud water and rainfall over the French Pyrenees. It also suggests that 
GOM and PBM at the Pinet bog likely have distinctly positive Δ200Hg and negative Δ204Hg, 
similar to those observed at the Pic du Midi. 
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We use Δ200Hg and Δ204Hg mass balances to calculate that 21 ± 9 % (7.0 ± 3.3 μg m-2 
y
-1
) of net Hg deposition to sphagnum is from Hg wet deposition and 79 ± 9 % (27 ± 13 μg m-
2
 y
-1
) from GEM dry deposition (Figure 4). The former is highly compatible with measured 
Hg wet deposition of 9 μg m-2 y-1at Pinet and with an estimated 16 % contribution of rainfall 
Hg to forest floor Hg in the aspen study (Demers et al., 2013). The substantial dry deposition 
of GEM that we infer from Hg MIF mass balance is also reflected in ambient GEM levels and 
GEM δ202Hg at the Pinet peat bog. Mean GEM concentration at Pinet (1.2 ± 0.2 ng m-3, 1σ, n 
= 10) is significantly lower than the regional background GEM level in the Pyrenees 
Mountains, as observed at the nearby Pic du Midi (1.5 ± 0.3 ng m
-3
) and fourteen other 
European sites (median GEM of 1.7 ng m
-3
) (Sprovieri et al., 2010). Pinet GEM δ202Hg of 1.2 
‰ is significantly enriched in the heavier Hg isotopes compared to Pic du Midi GEM δ202Hg 
of 0.6 ‰. Similar trends were observed in the Rhinelander aspen forest, with low total 
gaseous Hg (TGM ~ GEM) levels of 1.0 ng m
-3
 and elevated TGM δ202Hg up to 0.93 ‰ 
(Demers et al., 2013). We use a Rayleigh fractionation model (Figure S3) to calculate that a 
0.3 ng m
-3
 drop (1.5 to 1.2 ng m
-3
) of GEM concentrations at Pinet with an associated 0.6 ‰ 
increase (0.6 to 1.2 ‰) in GEM δ202Hg due to regional GEM dry deposition requires an 
isotope fractionation factor of -2.6 ‰. This fractionation factor is compatible with the 
observed Hg isotope fractionation between ambient GEM δ202Hg and sphagnum, pine 
needles, calluna leaves and lichens at the Pinet bog (-2.3 to -2.8 ‰), and with aspen leaves at 
the Rhinelander aspen forest (-2.9 ‰) (Demers et al., 2013). These coherent GEM and 
vegetation Hg concentrations and isotope signatures imply that GEM dry deposition to 
vegetation is capable of substantially drawing down atmospheric GEM levels and reducing 
the atmospheric GEM life time. Such interaction between atmosphere and vegetation is 
supported also by strong spatial gradients in GEM across forests (Poissant et al., 2008). 
Atmospheric GEM concentration in a maple forest (1.0 ng m
-3
) was found to be 0.4 ng m
-3
 
lower than at an adjacent (300 m) open area (1.4 ng m
-3
) (Poissant et al., 2008).  
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Figure 4. Summary of atmospheric Hg inputs into the Pinet peat bog. A Δ200Hg-based mass 
balance suggests that GEM dry deposition outweighs Hg wet deposition to sphagnum moss by 
four fold. Red numbers indicate net Hg fluxes to the peat bog in µg m
-2
 y
-1
. Regional 
background GEM levels and δ202Hg at the Pic du Midi suggest that vegetation draws down 
substantial amounts of atmospheric GEM. 
 
Implications 
Globally, most terrestrial samples (soils, foliage, litter, lichens) display negative δ202Hg (-1.3 
± 0.8 ‰, 1σ, n = 162) and Δ199Hg (-0.2 ± 0.2 ‰, 1σ, n = 163), and insignificant Δ200Hg (0.03 
± 0.04 ‰, 1σ, n = 119) (Blum et al., 2014), similar to our observations on sphagnum moss 
and peat. This supports the idea that modern Hg deposition to vegetated ecosystems is 
dominated by GEM dry deposition. Deforestation by human activities over millennia has 
decreased global forest covered area (Kaplan et al., 2009) and therefore likely affected global 
Hg cycling. Burial of plant remains over geological time scales gives rise to coal deposits. 
Lignite, sub-bituminous and bituminous coal have mean δ202Hg of -1.2 ± 0.8 ‰, Δ199Hg of -
0.1 ± 0.2 ‰ (1σ, n = 169), Δ200Hg of 0.01 ± 0.03 ‰ (1σ, n = 136), and Δ204Hg of 0.0 ± 0.1 ‰ 
(1σ, n = 44) (Sun et al., 2014). Previous work suggested that the negative aspen δ202Hg of 
foliage (-2.0 ‰) is partly conserved upon coalification (Demers et al., 2013). Our 
observations support this idea, and suggest in addition that similarities in even and odd Hg 
MIF between coal and modern GEM indicate GEM dry deposition to have outweighed Hg 
wet deposition to vegetated ecosystems during much of the Phanerozoic. The development of 
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plant life on the continents has also likely had a profound impact on the cycling of Hg and 
possibly other volatile elements. 
Our findings suggest that ombrotrophic peat deposits record predominantly 
atmospheric GEM dry deposition, rather than Hg wet deposition. Both acrotelm (surface) and 
catotelm peat display Hg isotope composition similar to living sphagnum, arguing against 
pronounced Hg reemission during decomposition (Figure S4).  Variations in past HgAR 
inferred from peat records thus represent mainly variations in local GEM concentration, rather 
than Hg wet deposition. Local GEM concentrations may however be strongly affected by 
local and regional vegetation and changes therein, making HgAR and associated Hg isotope 
signatures potential tracers for ecological and climate change. Such dependence of peat HgAR 
on vegetation would explain the commonly observed large variability in peat HgAR within a 
single peat bog (Bindler et al., 2004; Martínez Cortizas et al., 2012; Rydberg et al., 2010). 
Lake sediments integrate Hg wet and dry deposition to a larger watershed. The average 
Δ199Hg and Δ200Hg found in freshwater sediments are -0.03 ± 0.14 ‰ (1σ, n = 323) and 0.02 
± 0.06 ‰ (1σ, n = 258) (Blum et al., 2014) and contrast with Hg rainfall observations which 
display positive Δ199Hg (0.37 ± 0.25 ‰, 1σ, n = 105) and Δ200Hg (0.18 ± 0.15 ‰, 1σ, n = 
105). We speculate that a significant fraction of Hg deposited to lake sediments ultimately 
also derives from GEM dry deposition to vegetation in the lake watershed. 
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Peat dating and mercury accumulation rates 
Recent peat deposits (last ~100 -120 years) were dated by assuming a constant rat of supply 
of 210Pb (CRS model) (Appleby et al., 1997). The three cores from the Pinet peat bog gave 
consistent age-depth models. Once density, sample thicknesses and Hg concentrations are 
determined, we calculate HgARs as follows (Roos-Barraclough et al., 2002): 
𝐻𝑔𝐴𝑅 =  
𝑐(𝐻𝑔) × 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝑎𝑔𝑒 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡
 
Results of HgARs are commonly reported in µg m-2 y-1. The age increment is the period 
represented by a given sample. Profiles of bulk density, Hg concentration and 210Pb activity 
are provided in figures S5 and S6 for the three Pinet peat cores. 
 Previous studies hypothesized that 210Pb can infiltrate in the firsts centimeters of the 
peat column (Biester et al., 2007; Hansson et al., 2014). This would cause an overestimation 
of peat mass accumulation rates for the superficial layers of peatlands. This was proposed to 
explain the high HgARs often reported for recent times compared to measured Hg wet 
deposition (Biester et al., 2007). Although this was shown to be an important parameter that 
could cause an overestimation of recent HgARs, in this study we propose an alternative 
explanation for the high HgARs inferred by peatland records. Based on Hg stable isotope, we 
show that the high HgAR found in Pinet peat cores is likely due to GEM dry deposition rather 
than to an overestimation related to 210Pb infiltration. However, it does not exclude the 
possibility of significant biases because of 210Pb infiltration for some sites, as shown by 
Hansson et al. (2014). 
 
Reconciling historical Hg deposition rates from lake sediment and peatland archives.  
In the main text we compare recent peat Hg accumulation rates (HgAR) at Pinet to Hg wet 
deposition, and we discuss the implications of our findings (dominant GEM dry deposition to 
continental ecosystems) for lake sediment studies. Lake sediment and peatland archives of 
atmospheric mercury (Hg) deposition are essential to understand the historical impact of 
humans on the global Hg cycle. Lake sediments, the most widely studied natural archive, 
show a three-fold (3±1) increase in Hg accumulation rates (HgAR) from the pre-industrial 
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(pre-1850) to modern 20th century maximum at remote locations on different continents and 
across different climate zones. Peat archives have been suggested to show larger, 40-fold 
increases in HgAR from pre-industrial to modern times (Biester et al., 2007). This 
discrepancy has fueled debate over which archive we should trust. In a re-examination of lake 
sediment and peat archives (Amos et al., 2015) it was found that sediment enrichment factors 
(EF) have been previously calculated relative to pre-industrial HgARs from approximately 
1760 to 1880, while peat EF have been calculated relative to HgARs from 3000BC to 
1550AD. Both Holocene sediment and peat records suggest that the difference in reference 
period is not trivial as human impact on Hg cycling was likely significant during the 18th and 
19th centuries. Amos et al. (Amos et al., 2015) therefore re-evaluated pre-industrial, all-time 
and modern Hg EFs for sediment and peat using coherent reference periods. The authors find 
that median enrichment in HgAR since the pre-industrial period (1760 to 1880) is a factor of 
4.3 in peat records compared to 2.9 for lake sediment, which is much closer than previously 
reported (though significantly different). Median enrichment is a factor of 27 for peat and 17 
for sediment (and not significantly different) when compared against the period 3000BC to 
1550AD, providing strong evidence for substantial impacts of early Hg emissions. Amos et 
al. suggest that the remaining differences in peat and sediment HgAR reflect the different life-
times of Hg in the system (peat bog vs lake watershed). In this study we suggest that different 
proportions of Hg wet deposition and GEM dry deposition (and past variations therein) to 
peatlands and to forests may also contribute to the differences observed. 
 
Hg stable isotopes 
Mercury has seven stable isotopes, whose natural abundances and isotope abundance ratios 
are fractionated during partial Hg transformations and Hg source mixing. All investigated 
biogeochemical Hg transformations display mass dependent Hg isotope fractionation (MDF, 
represented by δ202Hg) (Blum et al., 2014). Large odd Hg isotope mass independent 
fractionation (MIF, Δ199Hg, Δ201Hg) is predominantly photochemical in origin (Bergquist and 
Blum, 2007) with a minor and unclear role for nuclear field shift effects (Estrade et al., 2009; 
Zheng and Hintelmann, 2010b). The mechanism of even isotope Hg MIF (Δ200Hg, Δ204Hg), 
which is characteristic of rainfall Hg (Chen et al., 2012; Gratz et al., 2010), is not understood. 
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Absence of even isotope MIF during biogeochemical Hg transformations at the Earth’s 
surface (Blum et al., 2014) and the observation of large positive Δ200Hg in precipitation from 
air masses with an upper atmospheric origin has led to the idea of an upper atmospheric 
(tropopause, i.e. boundary between troposphere and stratosphere at 5 – 10 km altitude) origin 
for Δ200Hg (Chen et al., 2012). 
Early wet precipitation Hg isotope studies report positive Δ200Hg only, either because 
the 
204
Hg isotope was not measured, or because it was simply not reported (Chen et al., 2012; 
Gratz et al., 2010; Sherman et al., 2012). Demers et al. (2013) were the first to report 
simultaneous occurrence of Δ200Hg and Δ204Hg in N-American rainfall (Demers et al., 2013), 
in an inverse relationship. Our rainfall observations of Δ200Hg and Δ204Hg are very similar to 
those of Demers et al. (Figure 3) with anti-correlated Δ200Hg and Δ204Hg. In addition the 
combined GOM+PBM fraction and cloud water Hg at the upwind Pic du Midi Observatory in 
the Pyrenees also show similar Δ200Hg and Δ204Hg (Figure 3).  We therefore make the 
assumption that both even isotope anomalies Δ200Hg and Δ204Hg are generated by the same 
mechanism. Chen et al. (2012) observed that that rainfall Hg from air masses that have an 
upper atmospheric origin had higher Δ200Hg up to 1.2 ‰ and postulated that the even isotope 
Hg MIF mechanism is related to atmospheric GEM oxidation and operates in the upper 
atmosphere, possibly in the tropopause region (5-10 km altitude). We note that a study by 
Sherman et al. (2010) on atmospheric TGM and snowfall Hg in the arctic boundary layer, and 
associated with an atmospheric Hg depletion event (AMDE), did not generate Δ200Hg 
anomalies. As it is well documented that GEM oxidation during AMDEs is driven by the 
bromine radical pathway, it appears that this particular oxidation mechanism does not induce 
even Hg isotope MIF at low altitudes. We therefore concur with Chen et al. (2012) that while 
the exact Hg transformation and Hg MIF mechanism has not yet been identified, even Hg 
isotope MIF does seem to be a phenomena originating in the upper atmosphere. Consequently 
Δ200Hg and Δ204Hg signatures are ideal tracers for Hg sources at the Earth’s surface and in 
this study we use them as such. 
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GOM and PBM dry deposition 
We argue in the main text that GOM and PBM dry deposition at Pinet is likely insignificant 
compared to GEM dry deposition and Hg wet deposition. Manual GOM + PBM sampling 
using cation exchange membranes (Huang et al., 2013) was unsuccessful at the Pinet site and 
indicated GOM + PBM to be below the method detection limit (< 2.8 pg m-3), defined as three 
times the standard deviation of the cation exchange filter blank and taking into account the 
typical 1 week filter deployment. Low GOM + PBM levels < 2.8 pg m-3 are typical of 
continental, forested sites, e.g. median AMNet levels of GOM and PBM are 1.2 and 2.9 pg m-
3 (Lan et al., 2012). Observations of GOM and PBM dry deposition velocities over vegetation 
show a large variability (0.2 – 7.6 cm s-1 for GOM and 0.02 – 2.1 cm s-1 for PBM). The high 
variability in GOM and PBM dry deposition velocities reflects the inadequacy of short term 
field observations to estimate longer term dynamics. Different methods were used to estimate 
GOM and PBM dry deposition velocities, based on altitudinal gradients in concentrations, or 
passive sampling on surrogate surfaces or leaf washes (Zhang et al., 2009). Model based 
(GEOS-Chem) estimates of global GOM and PBM dry deposition velocities fall in the mid-
range of observations, i.e. 0.93 and 0.11 cm s-1 for GOM and PBM respectively (Amos et al., 
2012). Based on this range of dry deposition velocities and our detection limit, we calculate 
dry deposition of GOM+PBM to the Pinet bog to be in the range of 0 to 7 µg m-2 y-1, and 
most likely around 0.4 µg m-2 y-1 (model based). The upper bound estimate of 7 µg m-2 y-1 is 
unrealistic because the Δ200Hg and Δ204Hg isotope mass balances indicate a maximum 
combined ‘Hg wet deposition plus GOM + PBM dry deposition’ flux of 7.0 ± 3.3 µg m-2 y-1. 
This would suggest that all of the 7.0 ± 3.3 µg m-2 y-1 flux is GOM + PBM dry deposition, 
with insignificant Hg wet deposition. However, we have measured that the contrary is the 
case at Pinet: Hg wet deposition is 9.3 ± 5.3 µg m-2 y-1, and therefore insignificantly different 
from the isotope mass balance estimated ‘Hg wet deposition plus GOM + PBM dry 
deposition’ flux. This confirms that GOM + PBM dry deposition is likely <1 µg m-2 y-1. 
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Foliar Hg photoreduction 
Hg odd isotope MIF in aqueous media has been shown repeatedly to result from the 
photoreduction of organic-bound Hg and photodemethylation of organic-bound methyl-Hg, 
where ‘organic’ refers to natural dissolved organic matter (humic and fulvic acids) or low 
molecular weight organic compounds such as carboxylic acids and S-containing compounds 
(Bergquist and Blum, 2007; Zheng and Hintelmann, 2009; Zheng and Hintelmann, 2010a). 
Apart from experimental solution and lake waters, there is indirect evidence that 
photochemical Hg MIF also occurs in cloud waters (Gratz et al., 2010) and on wet foliage 
(Demers et al., 2013). Demers et al observed that Δ199Hg and Δ201Hg in aspen foliage was on 
average 0.1 ‰ lower than in ambient TGM, and speculated that 1) photoreduction of Hg 
bound to S-containing moieties may be occurring in foliage, or 2) particulate bound Hg 
(PBM, which they did not measure) deposited significantly to foliage with a lower Δ199Hg. 
 We indicate in the main text and Figures 2 and S1 that generally sphagnum Δ199Hg, 
Δ201Hg and Δ200Hg, Δ204Hg resemble more closely atmospheric GEM than Hg wet deposition. 
A more fine inspection of this similarity reveals interesting differences. We use sphagnum 
Δ200Hg and Δ204Hg mass balance to estimate that 79 ± 9 % of sphagnum Δ200Hg and Δ204Hg 
reflects GEM and 21 ± 9 % Hg wet deposition. The combination of odd and even Hg isotope 
anomalies (Figure S2) reveals that sphagnum Δ199Hg (and Δ201Hg) is lower than expected for 
a binary mixing between rainfall and GEM deposition. Our observations are therefore similar 
to those of Demers et al. in that they suggest vegetation (sphagnum) Hg to have been affected 
by a small amount of photochemical Hg loss. 
In order to investigate if the lower sphagnum Δ199Hg could possibly be related to 
GOM+PBM dry deposition, we investigated Hg isotopes of the GOM + PBM fraction at the 
upwind Pic du Midi Observatory site. The GOM+PBM fraction shows higher Δ199Hg than 
sphagnum rather than lower, suggesting that GOM+PBM dry deposition is not the cause of 
the observed sphagnum Δ199Hg trend. We therefore suggest that the lower than expected 
(from Δ200Hg, Δ204Hg mass balance) sphagnum Δ199Hg, Δ201Hg represent a small amount of 
photochemical reduction of foliar Hg.  
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Table S1. Hg isotope composition and associated 2σ variability of procedural SRMs: 
 
nA* nB* δ
202
Hg 2σ Δ199Hg 2σ Δ200Hg 2σ Δ201Hg 2σ Δ204Hg 2σ 
NJV 942 (peat) 3 6 -2.13 0.17 -0.29 0.03 0.00 0.03 -0.35 0.06 0.01 0.07 
NIMT (peat) 5 14 -1.82 0.18 -0.29 0.06 -0.03 0.08 -0.33 0.06 0.03 0.14 
NIST 2685b (coal) 6 12 -2.71 0.10 -0.02 0.05 0.03 0.08 -0.01 0.08 0.00 0.10 
BCR 482 (lichen) 6 15 -1.62 0.12 -0.65 0.07 0.08 0.07 -0.65 0.06 -0.09 0.09 
2σ max 
   
0.18 
 
0.07 
 
0.08 
 
0.08 
 
0.14 
*nA = number of extractions, nB = number of analyses on MC-ICPMS 
 
 
 
 
Figure S1. Mass dependent and mass-independent Hg isotope signatures of (A) odd (shown 
as Δ201Hg) and (B) even Hg isotopes (shown as Δ204Hg) of samples discussed in the main text. 
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Figure S2. Mass-independent Hg isotope signatures of odd vs. even Hg isotopes in GEM, 
rainfall, GOM + PBM fraction, calluna, pine, lichen and sphagnum samples.. The blue line 
represents a theoretical binary mixing between rain Hg and GEM at the Pinet site. Note that 
all calluna, pine, lichen and sphagnum samples (triangles) systematically display lower 
Δ199Hg and Δ201Hg than predicted from a binary mixing. 
Figure S3. Rayleigh model of the influence of vegetation on GEM. A fractionation factor of -
2.6 ‰ fits well GEM data from the Pic du Midi Observatory (red circle, ± 1σ) and from the 
Pinet bog (blue circle, ± 1σ).  
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Figure S4. Peat cores profiles of Hg concentration, δ202Hg, Δ199Hg and Δ200Hg. On each 
graph values obtained for fresh sphagnum samples (open plots) are plotted as black filled 
(spring-summer value) and open (fall-winter value) triangles. For peat samples, open 
triangles are for acrotelm samples and filled triangles for catotelm peat samples. Green, blue 
and red colors stand for cores A, B and C respectively. 
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Figure S5. Density, ash content and Hg concentration profiles for the uppermost peat layers 
in cores A, B and C from the Pinet peat bog. Ash content was estimated by weighing ashes 
after peat combustion in the DMA during 150 seconds (~800 °C). 
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Figure S6. Profiles of  
210
Pbex activity, cumulative 
210
Pb inventories and CRS age models for 
cores A, B and C from the Pinet bog  
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Objectifs et résumé 
Dans le chapitre précédent, il a été montré que les dépôts secs de GEM dominent les dépôts 
de Hg sur la tourbière du Pinet. Alors que les tourbières étaient jusque-là considérées comme 
archives de dépôts humides de Hg, il est donc probable qu’elles puissent en réalité avoir 
enregistré les concentrations en GEM de l’atmosphère pendant l’Holocène. Les dépôts secs de 
GEM sur une tourbière transitent par la végétation de surface, qui est donc probablement un 
facteur important contrôlant le HgAR. Il est alors naturel de se demander si toutes les 
tourbières enregistrent ces dépôts de manière équivalente, ou si les mécanismes de dépôts 
varient d’une tourbière à l’autre. 
Des échantillons provenant de différentes tourbières en hémisphère Nord ont été 
analysés pour leur composition isotopique en Hg. Les sites étudiés sont situés dans les 
Pyrénées (tourbières d’Estibère et du Pinet), en Norvège (quatre tourbières selon un gradient 
latitudinal) et au Canada (tourbières d’Inuvik et de Kuujjuarapik). Un matériau de référence 
produit à partir de tourbe échantillonnée en Ecosse (Flanders moss) a également été inclus 
dans la base de données. Deux autres tourbières en Espagne (Penido Vello) et sur le plateau 
tibétain (Hongyuan) avaient déjà fait l’objet d’analyses isotopiques du Hg dans des études 
précédentes. Un total de 238 échantillons de tourbe ont ainsi été analysés, auxquels s’ajoutent 
65 données déjà existantes. 
Tous les échantillons présentent un δ202Hg négatif. Il semble donc que le facteur de 
fractionnement associé aux dépôts de GEM sur la végétation (chapitre 1) a un rôle 
prédominant dans la composition isotopique en Hg de la tourbe. En utilisant la même 
approche que dans le chapitre 2, les contributions des dépôts humides de Hg et des dépôts 
secs de GEM ont été calculés en appliquant un bilan de masse isotopique basé sur le Δ200Hg. 
Les dépôts secs de GEM identifiés comme majoritaires sur la tourbière du Pinet (Chapitre 2), 
semblent également dominer les dépôts de Hg sur les autres tourbières étudiées (> 50%). La 
tourbière de Hongyuan (plateau Tibétain) semble faire exception, avec une contribution des 
dépôts secs de GEM de seulement 35 % (± 34 %, 1σ), contre 65 % pour les dépôts humides 
de Hg. Les tourbières situées à hautes latitudes sont généralement les plus impactées par les 
dépôts secs de GEM, peut-être en lien avec les phénomènes de dépôts massifs de Hg 
atmosphérique mis en évidence en Arctique, ou avec la diminution des dépôts humides de Hg 
à hautes latitudes. Les contributions des dépôts secs de GEM et des dépôts humides de Hg ont 
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également une incidence sur les compositions isotopiques en δ202Hg et particulièrement en 
Δ199Hg de la tourbe. Les anomalies en isotopes impairs en Hg ont toutes été trouvées 
négatives ou nulles dans les échantillons de tourbe, à l’exception de la tourbière Hongyuan. 
Cette tourbière est située à 3500 m d’altitude et reçoit 80 % des apports en pluie lors de la 
mousson d’été, pendant la saison de croissance des plantes. Elle est aussi fréquemment 
inondée en été, ce qui peut limiter les dépôts secs de GEM. La période de vie des plantes 
herbacées dominant la tourbière est courte en raison d’un été court et d’une chute rapide des 
températures après la saison de croissance des plantes. La tourbière Hongyuan reçoit donc le 
Hg principalement par dépôts humides, qui sont généralement caractérisés par des signatures 
en Δ199Hg positives. Ces échantillons présentent aussi les δ202Hg les plus élevés. Des relations 
entre δ202Hg, Δ199Hg et Δ200Hg sont observées, indiquant que le type de dépôt impacte 
fortement la composition isotopique en Hg de la tourbe. 
L’utilisation de carottes de tourbe pourrait donc permettre d’étudier les variations de 
concentration atmosphérique en Hg. Une telle étude nécessite la détermination de la 
composition isotopique en Hg à haute résolution, et particulièrement du Δ200Hg. Compte tenu 
de la gamme de variabilité du Δ200Hg des dépôts de Hg (environ 0.25 ‰ de différence entre 
les dépôts humides et les dépôts secs de GEM) et de l’incertitude associée à l’analyse (1σ = 
0.04 ‰), un bilan de masse précis ne peut être basé sur un nombre limité d’analyses. De plus, 
des modifications de végétation de surface peuvent entraîner différentes efficacités de 
séquestration de Hg par la tourbière, et potentiellement des différences de flux non-associées 
à un changement de concentration en GEM. 
En dépit de toutes ces complications potentielles, de nettes différences en signatures 
isotopiques sont observées pour différentes périodes d’accumulation de tourbe. La tourbière 
espagnole de Penido Vello ne présente pas de variations significatives en isotopie du Hg sur 
les 2000 dernières années, peut-être en raison de l’influence de masses d’air océaniques. Les 
tourbières continentales montrent que le GEM naturel avait un Δ199Hg de l’ordre de -0.4 ‰, et 
qu’il était enrichi en isotopes lourds comparé au GEM actuel (différence de 0.53 ‰ sur la 
tourbière du Pinet). Un premier changement, probablement d’origine anthropique, apparaît 
avant l’ère industrielle. Une diminution du δ202Hg pourrait être due à une modification de 
l’occupation des sols avec le développement de l’agriculture, à la combustion de biomasse ou 
à l’activité minière. Les interactions entre la végétation et l’atmosphère sont proposées 
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comme un facteur majeur du cycle du Hg, ayant une influence importante sur le δ202Hg du 
GEM. L’industrialisation et l’augmentation des émissions de Hg principalement par 
combustion de charbon causent un autre changement majeur dans le cycle du Hg, qui se 
traduit dans plusieurs tourbières par une augmentation des δ202Hg et Δ199Hg. 
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ABSTRACT 
Peatlands integrate mercury (Hg) from both wet deposition and dry deposition of gaseous 
elemental mercury. They are therefore potential archives of past Hg wet deposition and 
atmospheric gaseous elemental Hg concentration. Here, we investigate the variability in Hg 
isotope composition of nine different peatlands across the Northern Hemisphere. We observe 
that the variability in Hg isotope signatures between the different peat sites is dominated by 
differences in the contributions from Hg wet deposition and gaseous elemental Hg dry 
deposition. These contributions can be estimated using even Hg isotope anomalies. Mass-
independent fractionation of even Hg isotopes is thought to occur in the upper troposphere 
during the oxidation of gaseous elemental Hg. Precipitation samples, consisting of oxidized 
Hg, display significant positive Δ200Hg signatures while gaseous elemental Hg has slightly 
negative, and often insignificant even Hg isotope anomalies. A mass-balance based on these 
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conservative Δ200Hg signatures allows an estimation of the respective contributions of Hg wet 
deposition and gaseous elemental Hg dry deposition. With the view to reconstruct past 
atmospheric mercury concentrations, it is therefore needed to determine these respective 
contributions, which are site-specific, and can potentially vary with time, possibly in relation 
to the evolution of peat surface vegetation. Temporal variability in mercury stable isotope 
signatures in peat can therefore be related to changes in atmospheric mercury cycling and peat 
surface dynamics. The emission of anthropogenic Hg to the atmosphere appears to have 
caused variations in δ202Hg and Δ199Hg in the uppermost layers of peatlands. 
 
INTRODUCTION 
Atmospheric mercury (Hg) deposition has been investigated for decades using peat records 
(Allan et al., 2013; Biester et al., 2003; Bindler, 2003; Jensen and Jensen, 1991; Madsen, 
1981; Martinez-Cortizas et al., 1999; Roos-Barraclough and Shotyk, 2003; Shotyk et al., 
2005; Zuna et al., 2012). The anthropogenic influence on Hg cycling is highlighted by 
increases in Hg accumulation rates (HgAR), with maxima in peatland layers corresponding to 
the mid – 20th Century (Amos et al., 2015; Biester et al., 2007). The period of highest HgAR 
recorded in Northern Hemisphere peatlands is well-defined, from 1940 to 1977 (Amos et al., 
2015) and is thought to result from industrial Hg emissions to the atmosphere (Amos et al., 
2015; Lindberg et al., 2007). This common period of highest atmospheric Hg deposition 
reflect a homogeneous temporal trend in industrial Hg emissions. The median enrichment 
factor (EFpreind) compared to pre-industrial background (1760 – 1880) is 4.3 (95% confidence 
interval from 2 – 14). The proximity of industrial areas drives the EF (Allan et al., 2013; Zuna 
et al., 2012), suggesting a non-negligible contribution from local sources. The absolute 
HgARs reconstructed from peat cores is also varying from one site to another, even at the 
kilometer scale (Roos-Barraclough and Shotyk, 2003). Multiple peat cores from a single peat 
bog can also result in different absolute values in HgAR (Allan et al., 2013; Bindler et al., 
2004; Martínez Cortizas et al., 2012).  
High variability in Hg wet deposition within the same peatland would not be expected. 
The contribution of gaseous elemental Hg (GEM) has been shown to be non-negligible, and 
even predominant in a peat bog from the French Pyrenees (Enrico et al., under revision). Dry 
deposition of GEM can be discriminated from Hg wet deposition using Hg stable isotope 
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signatures. Among the seven stable Hg isotopes, all can fractionate depending on their mass 
(MDF) during virtually all incomplete physico-chemical transformations. Odd Hg isotopes 
(
199
Hg and 
201
Hg) behave differently, especially during photochemical reactions (Bergquist 
and Blum, 2007; Bergquist and Blum, 2009; Chandan et al., 2015; Zheng and Hintelmann, 
2009). Photoreduction of aqueous Hg induces a mass-independent fractionation (MIF), 
leading to negative anomalies in the volatilized Hg fraction (GEM) (Bergquist and Blum, 
2007). An inverse effect is obtained in the presence of S-ligands (Zheng and Hintelmann, 
2010), and possibly during Hg photoreduction on vegetation surfaces (Demers et al., 2013). 
Finally, even masses Hg isotopes (
200
Hg and 
204
Hg) can also undergo MIF. This was observed 
mainly in precipitation samples (Chen et al., 2012; Demers et al., 2013; Enrico et al., under 
revision; Gratz et al., 2010), and recently in gaseous oxidized Hg (GOM) (Enrico et al., under 
revision). Although the process behind even isotope MIF is not yet constrained and never 
reproduced experimentally, oxidation of GEM to GOM and/or PBM in the upper troposphere 
and/or lower stratosphere is suspected to cause these anomalies (Chen et al., 2012).  
With MDF signatures (δ202Hg), odd Hg isotope MIF anomalies (Δ199Hg) and even Hg 
isotope MIF anomalies (Δ200Hg), the determination of Hg isotope ratios give three useful 
independent signatures to trace Hg sources and processes. We investigated the Hg stable 
isotope composition of several peatlands across the Northern Hemisphere (Figure 1) to 
determine their potential usefulness in reconstructing past Hg deposition and GEM 
concentration. 
 
METHOD 
Sample collection. Three cores from the Pinet peat bog (42.85°N, 1.97°E, 880 m asl, Table 1) 
were extracted in September 2010. This 5 m – deep peat bog formed about 10,000 years ago 
and thus recorded Hg deposition during most of the Holocene period. One 72 cm – deep peat 
core was sampled at the Estibere minerotrophic peatland 42.83° N, 0.17° E, 2120 m asl), 
representing the last 1300 years of peat accumulation.  
Canadian peat samples from the Inuvik peat bog (68°19′ N, 133°23′ W, Table 1) and a 
Kuujjuarapik peatland (55°13’ N, 77°41’ W, Table 1) were also analyzed for Hg isotopes. 
Kuujjuarapik peat samples (n = 35) represent the last ~300 years. The core was taken in a 
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thermokarst depression formed after the Little Ice Age (Arlen-Pouliot and Bhiry, 2005). 
Samples from Inuvik (n = 8) cover a larger period (6,000 years BP – present) (Outridge and 
Sanei, 2010). Dated Norwegian peat samples (n = 20, Table 1) were previously analyzed for 
Hg concentration (Steinnes and Sjobakk, 2005). They come from four different peat bogs 
(Gyland, Gjerstad, Nordli and Andoya) along a latitudinal transect. Description of these sites, 
as well as historical trends in HgAR can be found in Steinnes and Sjobakk (2005). The peat 
reference material NIMT has been produced from the 30 upper centimeters of Flanders Moss 
(56°09’ N, 4°12’ W, Table 1), Scotland (Yafa et al., 2004).  
 
Table 1. Characteristics of the sites presented in this study: 
peatland latitude longitude altitude temperature precipitation 
 
°N °E m asl °C mm 
Flanders 56 -4.2 62 8.8 1101 
Pinet 42.9 2.0 880 9.8 1161 
Estibere 42.8 -0.2 2100 1 1266 
Penido Vello 43.5 -7.6 700 8.75 1525 
Gyland 58.4 6.6 120 5.7 1891 
Gjerstad 58.9 8.8 40 5 1290 
Nordli 64.5 13.7 450 1.1 675 
Andoya 69.2 15.9 32 3.6 1060 
Inuvik 68.3 -133.4 30 -8.8 248 
Kuujjuarapik 55.0 -77.7 110 -4.4 649 
Hongyuan 32.8 102.5 3500 1.1 710 
 
 
Two peatlands from North-Western Spain (Ghosh et al., 2008) and the Tibetan Plateau 
(Shi et al., 2011) which were previously investigated for Hg isotopes are reported for 
comparison. 
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Figure 1. Location of the peatland sites presented in this study, as well as Hongyuan and 
Penido Vello peatlands, analyzed for Hg isotopes by Ghosh et al. (2008) and Shi et al. (2011). 
 
Sample processing. Total Hg concentration was determined in freeze-dried peat samples by 
atomic absorbance spectrometry using a Milestone Direct Mercury Analyzer (DMA – 80), 
calibrated using coal (NIST 1632d, NIST 2685b), lichen (BCR 482) and peat SRMs (NIMT). 
Procedural SRM were analyzed every 10 analyses. Blanks were measured every five analyses 
to monitor the system baseline. 
Prior to Hg isotope analysis, Hg was extracted from solid peat samples by a 
combustion and acid trapping method (Sun et al., 2013). A known amount of peat sample 
(corresponding to approximately 20 ng of Hg) was placed in a double tube furnace line. The 
sample was introduced in a first tube furnace, heating from room temperature to 1000°C with 
a temperature ramp of 2.5°C min
-1
. A Hg-free oxygen flow (25 mL min
-1
) was used to carry 
the gaseous combustion products through the second tube furnace, maintained at 1000°C 
during all the extraction procedure. Finally, the combustion gases were bubbled in a 40% 
inverse aqua regia (HNO3/HCl 2:1) in order to oxidize and trap Hg. Repeated extractions of 
coal SRM NIST 1632d were performed to assess the reproducibility of the method. 
The trapping solutions were then diluted to 20% acid concentration prior to Hg isotope 
analyses by cold vapor multicollector inductively coupled plasma mass spectrometry (CV-
MC-ICPMS). The Hg isotope ratio determinations were performed at the Observatoire Midi-
Pyrenees, by coupling a hydride generator (HGX-200) with a MC-ICPMS (Thermo Finnigan 
Neptune). The Hg concentration of the extraction solutions were checked during the Hg 
isotope analyses. The extraction yield average is 91 ± 8 % (1σ, n = 238). 
Reporting Hg isotope signatures and uncertainties. Results of Hg isotope signatures are 
reported using the δ-notation according to Bergquist and Blum (2006) (Bergquist and Blum, 
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2007). The isotopic ratios are normalized to the bracketing standard (NIST 3133) and 
expressed in permil (‰): 
𝛿𝑥𝑥𝑥𝐻𝑔 =
(
 
 
(
𝐻𝑔𝑥𝑥𝑥
𝐻𝑔198
)
𝑠𝑎𝑚𝑝𝑙𝑒
(
𝐻𝑔𝑥𝑥𝑥
𝐻𝑔198
)
𝑆𝑅𝑀3133
− 1
)
 
 
∗ 1000 
Anomalies produced by MIF are calculated as the deviation of the measured δXXXHg 
from this MDF relation, taking δ202Hg as the reference, according to Bergquist and Blum 
(2005): 
∆𝑥𝑥𝑥𝐻𝑔 = 𝛿 𝐻𝑔𝑠𝑎𝑚𝑝𝑙𝑒 − 𝛽 ∗ 𝛿 𝐻𝑔𝑠𝑎𝑚𝑝𝑙𝑒
202𝑥𝑥𝑥  
Long term reproducibility of measurements was assessed by repeated measurements of 
Hg isotope composition of external standards (UM-Almaden and ETH-Fluka) and procedural 
SRM (NIST 1632d). UM-Almaden displayed δ202Hg of -0.57 ± 0.05 %, Δ199Hg of -0.02 ± 
0.03 ‰ and Δ200Hg of -0.01 ± 0.04 ‰ (1σ, n = 46). ETH-Fluka displayed δ202Hg of -1.43 ± 
0.07 ‰, Δ199Hg of 0.08 ± 0.03 ‰ and Δ200Hg of -0.03 ± 0.04 ‰ (1σ, n = 57). The procedural 
standard NIST 1632d displayed δ202Hg of -1.59 ± 0.13 %, Δ199Hg of -0.02 ± 0.04 ‰ and 
Δ200Hg of 0.01 ± 0.01 ‰ (1σ, n = 14).  
 
RESULTS AND DISCUSSION 
Pinet and Estibere peat cores were investigated for Hg isotopes at high temporal resolution. 
The discussion in the present work is only based on the global spatial and temporal trends, so 
that high resolution profiles are beyond the scope of this study. They will be discussed in 
details separately in another study. We provide in figures S1-3 detailed results we obtained for 
the Norwegian peatlands and Kuujjuarapik peatland, as well as profiles obtained by Ghosh et 
al. (2008) for Penido Vello peat bog. 
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Mass-dependent fractionation 
Peatlands integrate Hg from both Hg wet deposition and GEM dry deposition. Deposition of 
Hg with precipitation is not expected to cause Hg isotope fractionation if all Hg is retained by 
peat. Peat δ202Hg (average -1.60 ± 0.99 ‰, 1σ, n = 303, range -5.7 to -0.1 ‰) are 
systematically lower than reported values for rainfall (average -0.52 ± 0.69 ‰, 1σ, n = 58) 
and GEM (average -0.11 ± 1.39 ‰, 1σ, n = 83) (Chen et al., 2012; Demers et al., 2013; 
Enrico et al., under revision; Fu et al., 2014; Gratz et al., 2010). Dry deposition of GEM is an 
incomplete physico-chemical transfer, and is therefore susceptible to cause MDF. The transfer 
of GEM from the atmosphere to vegetation preferentially enriches light Hg isotopes in 
vegetation, with a large fractionation factor (ε202Hg = -2.5 to -2.9 ‰) (Demers et al., 2013; 
Enrico et al., under revision). The negative δ202Hg found in all peat samples is therefore 
thought to be produced by the mixing between the slightly negative δ202Hg of precipitation 
and this large MDF fractionation factor during GEM dry deposition.  
The large range of δ202Hg found in peat samples (Figure 2) can reveal different 
respective contributions of Hg wet deposition and GEM dry deposition or differences in 
atmospheric Hg isotope composition. One peat bog from North-Western Spain presents 
extremely low δ202Hg (average -4.0 ± 0.5 ‰, 1σ, n = 38, range -5.7 – -2.9 ‰) (Yin et al., 
2014). Most of the reported Hg isotope compositions of GEM displayed near-zero or positive 
δ202Hg (Figure 3). Two other studies in coastal environments reported lower δ202Hg in GEM 
(average -2.57 ± 0.98 ‰, 1σ, n = 17) (Rolison et al., 2013; Yin et al., 2013). Volatilization of 
GEM from aqueous surfaces likely enriches the emitted Hg
0
 vapor in the light Hg isotopes 
(Zheng et al., 2007); GEM δ202Hg in coastal environments is therefore lower compared to 
continental GEM. Penido Vello is located 20 km from the Spanish Atlantic coast, and is 
influenced by oceanic Hg emissions. The enrichment of GEM in light Hg isotopes at this 
coastal site together with the large fractionation factor associated with GEM dry deposition 
probably produced these large negative δ202Hg signatures in peat from Penido Vello. 
Other peatlands are characterized by higher δ202Hg (Figure 2), possibly reflecting the 
influence of more continental air masses. Primary anthropogenic Hg emissions are dominated 
by coal combustion, which are characterized by slightly negative δ202Hg (-0.4 – -0.1 ‰) (Sun 
et al., 2014). Other anthropogenic emissions and natural volcanic degassing also emit GEM 
with negative δ202Hg (-1.7 ± 0.4 ‰ at Vulcano Island) (Zambardi et al., 2009). The positive 
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GEM δ202Hg in continental ambient air therefore results from atmospheric processes. 
Measurements of Hg isotopes in oxidized species of Hg in the atmosphere (gaseous oxidized 
Hg and particulate-bound Hg) revealed lower δ202Hg than GEM at the same site (average 
difference of -1.29 ‰) (Enrico et al., under revision). Oxidation of atmospheric GEM can 
therefore be partly responsible for the positive δ202Hg found in residual GEM. However, 
because the oxidized species of Hg represent only about 2 % of atmospheric Hg, the influence 
of this reaction on GEM stable isotope composition should be relatively low. An alternative 
explanation for the positive GEM δ202Hg derives from the large fractionation factor observed 
during GEM dry deposition to vegetation (Demers et al., 2013; Enrico et al., under revision). 
Continental air masses are interacting with vegetation, and can be responsible for the 
enrichment of GEM in heavy Hg isotopes. This observation is supported by higher GEM 
δ202Hg found in forested ecosystems (0.77 ± 0.33 ‰, 1σ, n = 22) (Demers et al., 2013; Enrico 
et al., under revision) compared to  non-forested sites (0.25 ± 0.27 ‰, 1σ, n = 44) (Enrico et 
al., under revision; Fu et al., 2014; Gratz et al., 2010). 
 
 
Figure 2. Mass dependent (A) and mass-independent (B, C) Hg isotope signatures (reported 
as δ202Hg, Δ199Hg and Δ200Hg respectively) of peat samples. The red line stands for the mean 
global peat Hg isotope composition. 
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Many parameters have to be considered when comparing peat δ202Hg signatures, as it 
is influenced by the mixing between Hg wet deposition and GEM dry deposition, the origin of 
the air masses, and regional vegetation cover. Variations in a single peat core therefore 
potentially relate to variations in atmospheric GEM isotope composition, regional vegetation 
changes, and local peat vegetation. 
 
Mass-independent fractionation of odd Hg isotopes 
Photoreduction of inorganic Hg and methylmercury in aqueous media causes anomalies in 
odd Hg isotopes in the volatilized GEM. As a result of this reaction, slightly negative Δ199Hg 
are observed in most GEM samples (average -0.21 ± 0.08 ‰, 1σ, n = 83) (Enrico et al., under 
revision; Fu et al., 2014; Gratz et al., 2010; Rolison et al., 2013; Yin et al., 2013). 
Precipitation displays mostly positive Δ199Hg (0.37 ± 0.25 ‰, 1σ, n = 105) (Chen et al., 2012; 
Demers et al., 2013; Enrico et al., under revision; Gratz et al., 2010). Gratz et al. (2010) 
(Gratz et al., 2010) hypothesized that these anomalies are generated by photoreduction of Hg 
after incorporation in cloud droplets. Oxidized species of Hg in the atmosphere were recently 
found to display positive Δ199Hg as well, but lower than cloud water (Enrico et al., under 
revision). These anomalies in Hg wet deposition are therefore possibly generated during 
oxidation of GEM and by in-cloud Hg photoreduction.  
Peat samples display mostly negative Δ199Hg signatures (average -0.25 ± 0.17 ‰, 1σ, 
n = 303), more comparable to GEM than to Hg wet deposition. Odd Hg isotope MIF in the 
environment is limited to photochemical Hg transformations, so it is a more reliable 
parameter than δ202Hg to address Hg sources. However, it is not unequivocal because 
photochemistry could also occur at the peat – atmosphere interface, and alter peat Δ199Hg. 
Demers et al. (2013) (Demers et al., 2013) observed slightly lower Δ199Hg (by 0.1 ‰) in 
Aspen foliage than in GEM and already suspected foliar Hg photoreduction, causing negative 
anomalies in the Hg fraction remaining in foliage and more positive anomalies in the 
volatilized fraction. The MIF direction of this reaction would be inverse compared to classical 
aqueous Hg photoreduction (Bergquist and Blum, 2007). Such a reaction has been 
experimentally observed in the presence of S-ligands (Zheng and Hintelmann, 2010). It is 
therefore possible that part of Hg in foliage bound to thiol ligands is subsequently 
photoreduced, causing negative Hg anomalies in foliage. Because peat integrates Hg after 
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decomposition of peat surface vegetation, it is therefore possible that such a process occurs in 
living vegetation and alters Δ199Hg registered by the peat record. As for δ202Hg, relative 
variations in Δ199Hg in a peat core can reflect real variations in atmospheric Hg isotope 
composition if we consider photoreduction of Hg from foliage to be constant with time. 
However Δ199Hg signatures alone cannot be used to estimate quantitatively the respective 
contributions of Hg wet deposition and GEM dry deposition to Hg accumulated in peat. 
 
Figure 3. Hg isotope composition for all studied peatlands. Mass-dependent (δ202Hg) vs. (A) 
odd Hg isotope MIF (Δ199Hg) and (B) even Hg isotope MIF signatures (Δ200Hg).Pre-
anthropogenic peat samples from the Pinet peat bog are not reported in this figure. Colors 
distinguish the different peatland sites, with the same code as for Figure 2. 
 
Shi et al. (2011) reported the only significantly positive Δ199Hg signatures in the 
Hongyuan peatland from the Tibetan plateau (Figures 2 and 3). All the other peat samples 
display negative or insignificant Δ199Hg (Figure 2). Hongyuan peatland grows under unique 
conditions (Wang et al., 2010). It is located at about 3500 m asl and influenced by the summer 
monsoon, such that 80% precipitation occurs between June and August. During the summer 
vegetation growth period, the peatland therefore receives large inputs of Hg via wet 
deposition. The life time of vegetation is short because of the cold high altitude conditions, 
possibly making GEM dry deposition less efficient. We therefore propose that the positive 
Δ199Hg observed for Hongyuan peat samples results from these unique climate conditions, 
with Hg wet deposition being dominant against GEM dry deposition. It is also possible that 
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the efficiency of the Hongyuan peatland to sequester GEM is lower, possibly because of 
differences in vegetation type and density.  
 
Mass-independent fractionation of even Hg isotopes 
The most significant even isotope MIF anomalies (-0.03 – 1.24 ‰) in the environment were 
found in precipitation samples (Chen et al., 2012; Demers et al., 2013; Enrico et al., under 
revision; Gratz et al., 2010). The mechanism and associated physic-chemical transformation 
of even Hg isotope MIF is not yet constrained. It was suggested that it occurs during the 
oxidation of GEM to produce gaseous oxidized Hg (GOM) in the upper troposphere (Chen et 
al., 2012). Recently, significant Δ200Hg was observed in the atmospheric GOM + PBM 
fraction, supporting this hypothesis (Enrico et al., under revision). Although poorly 
understood, the process generating these anomalies is rare and likely specific to GEM 
oxidation at high altitude, so that Δ200Hg signatures are conservative at lower elevations. 
Δ200Hg can therefore be used to discriminate between Hg wet deposition and GEM dry 
deposition. Ambient precipitation Hg generally displays positive Δ200Hg (average 0.24 ± 0.18 
‰, 1σ, n = 58). Because they are generated during oxidation of GEM, complementary slight 
negative Δ200Hg anomalies are found in GEM (average -0.05 ± 0.04 ‰, 1σ, n = 39, 
insignificant at 2σ level). A latitudinal trend in precipitation Δ200Hg was reported by Wang et 
al. (2015), with higher values at Northern latitudes. Peat samples show relatively high 
variability in Δ200Hg (range -0.10 – 0.27 ‰). Figure 4A shows peat Δ200Hg as a function of 
latitude. The trend observed by Wang et al. (2015) is not reflected in peat samples, with high 
latitude peatlands (Inuvik, Andoya, and Nordli) displaying low Δ200Hg (Figure 2). The 
variations in peat Δ200Hg reflect more likely different GEM dry deposition and Hg wet 
deposition contributions. The peatland with highest Δ200Hg is Hongyuan peatland, confirming 
that the positive Δ199Hg observed for this site result from higher Hg wet deposition 
contribution.  
We used a mass balance based on Δ200Hg signatures of peat, precipitation and GEM 
(Figure 3B) to determine the respective contributions of Hg wet deposition and GEM dry 
deposition to Hg accumulation in the studied peatlands. At most of these sites, GEM dry 
deposition contributes more than half of total Hg deposition (Table 2). Previous 
reconstructions of past HgAR from peat cores were discussed as records of past Hg 
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deposition, without discriminating wet and dry deposition. Comparison between Hg wet 
deposition and peat HgAR were previously found to be relatively consistent (Lamborg et al., 
2002), suggesting that Hg deposition to peatlands was dominated by Hg wet deposition. Our 
results strongly argue against this concept and suggest that GEM dry deposition dominates Hg 
deposition to peatlands. More globally, GEM dry deposition to vegetation can be an important 
transfer pathway between the atmosphere and continents.  
 
Table 2. Calculated contributions of GEM dry deposition and Hg wet deposition to Hg 
accumulation in the studied peatlands: 
Peatlands GEM dry deposition Hg wet deposition 1σ 
Pinet 77 % 23 % 10 % 
Estibere 57 % 43 % 8 % 
Penido Vello 85 % 15 % 13 % 
Kuujjuarapik 51 % 49 % 24 % 
Inuvik 91 % 9 % 9 % 
Gjerstad 66 % 34 % 18 % 
Gyland 73 % 27 % 15 % 
Nordli 91 % 9 % 9 % 
Andoya 99 % 1 % 2 % 
Flanders 84 % 16 % 17 % 
Hongyuan 35 % 65 % 34 % 
 
 
Influence of climate on Hg accumulation in peatlands 
The four Norwegian peatlands give slightly different results for GEM dry deposition 
contributions to Hg accumulation in peat. A trend in GEM dry deposition contribution with 
latitude shows that Southern peatlands are less influenced by GEM dry deposition than 
Northern peatlands (Figure 4). Such a trend could result either from higher GEM dry 
deposition or lower Hg wet deposition at high latitudes. Extensive monitoring of Hg 
concentration in moss (Steinnes et al., 2003) in Norway did not reveal any strong latitudinal 
gradient. This argues against a pronounced gradient in GEM concentration. Iverfeldt (1991) 
investigated Hg wet deposition in Norway at four different stations, and found a strong 
latitudinal gradient with 12-fold lower Hg wet deposition at the Northernmost site (2.5 µg m
-2
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y
-1
) compared to the Southernmost station (35.1 µg m
-2
 y
-1
). The increase in GEM dry 
deposition contribution at higher latitude in Norway is therefore probably the result of lower 
Hg wet deposition. 
The northernmost Norway peatland, Andoya (69.17 °N), displays higher industrial 
HgAR (11.1 µg m
-2
 y
-1
) than other Norway sites (range 2.1 – 9.9 µg m-2 y-1) (Steinnes and 
Sjobakk, 2005). It was suggested that atmospheric Hg depletion events (AMDE) occur at 
Andoya, causing this higher HgAR. These events are common at high latitudes, and are 
caused by volatilization of bromine and subsequent oxidation of GEM into GOM by Br 
radicals. Oxidation of GEM during AMDE does not produce Hg isotope MIF (Sherman et al., 
2010), so GEM Δ199Hg and Δ200Hg is conserved during oxidation and deposition of GOM via 
the Br radical pathway. In our Δ200Hg-based mass-balance, such deposition is therefore 
accounted for as GEM dry deposition. The latitudinal trend observed in GEM dry deposition 
contribution to peat Hg accumulation can therefore also be related to AMDE occurrences.  
Samples from Canadian peatlands (Inuvik and Kuujjuarapik) and the Chinese peatland 
(Hongyuan) also align with this trend. A similar gradient in Hg wet deposition was found in 
North America (Amos et al., 2012). As previously mentioned, Hongyuan peatland benefits 
from specific conditions which possibly favors retention of wet deposited Hg compared to 
GEM dry deposition. Peatlands from the French Pyrenees and North-Western Spain do not 
follow the same trend. Climate conditions at these peatlands locations stimulate vegetation 
growth compared to the low temperatures found at high latitudes or on the Tibetan plateau. 
Higher vegetation biomass produced per ground surface unit can be responsible for higher 
GEM exchange rates between a peatland ecosystem and the atmosphere. Temperature, 
altitude and annual precipitations could therefore indirectly influence GEM sequestration by 
vegetation (see supporting information, figure S4). 
Using the calculated contribution of Hg wet deposition (Table 2) and HgAR for the 
last ~100 years (Farmer et al., 2009; Martinez-Cortizas et al., 1999; Steinnes et al., 2003), we 
calculated the average net Hg wet deposition in the studied peatlands (except for Hongyuan 
where HgARs were not reported). Results presented in Figure 4B confirm the existence of a 
latitudinal gradient in net Hg wet deposition. However, very low values (< 0.3 µg m
-2
 y
-1
 in 
Inuvik, Nordli and Andoya peatlands) are found for high latitude peatlands and seem 
unreasonable. Values obtained for Norwegian peatlands are one order of magnitude lower 
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than reported by Iverfeldt (1991) and data from EMEP monitoring program (EMEP, 
http://www.emep.int/). Our calculation supposes that all Hg wet deposition occurred as 
rainfall. Select snow samples display higher Δ200Hg anomalies (Chen et al., 2012). Including 
snowfall in the mass balance calculation would lead to even higher contributions of GEM dry 
deposition. The difference between measured and reconstructed Hg wet deposition results 
more likely from Hg reemission. Inferred net Hg wet deposition by temperate latitude 
peatlands (Penido Vello, Pinet, Estibere, Flanders moss, Kuujjuarapik) is in much better 
agreement with monitoring data in Europe (average Hg wet deposition of 6.8 ± 3.2 µg m
-2
 y
-1
 
for the period 2000 - 2009, 1σ, 13 sites) (EMEP) and in North America (9.5 ± 4.2 µg m-2 y-1; 
annual mean ± 1σ over 2000 - 2013; 93 sites) (NADP-MDN). Reemission of Hg from 
peatlands seems to be more significant at high latitudes, with about 90 % of wet (snow) 
deposited Hg being reemitted. This confirmed by studies on Hg re-emission from snow 
surfaces that show 60-80% re-emission (AMAP, 2013). 
 
Figure 4. Relation between latitude and (A) peat Δ200Hg and (B) net Hg wet deposition. 
Norwegian sites are represented in blue, Chinese in green, Canadian in red (Kuujjuarapik, 
Inuvik) and South-western European sites in black. The open square stands for NIMT SRM 
(Flanders moss, Scotland). Linear regressions give R
2
 of 0.49 (panel A) and 0.59 (panel B). 
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Pre-anthropogenic atmospheric Hg dynamics 
Penido Vello, Inuvik and Pinet peat bog records extend back several millennia. Small 
temporal variation in peat Hg isotope composition was found in Penido Vello, possibly 
because the Hg isotope composition of marine GEM emission has not evolved  much, 
although global marine GEM fluxes are thought to have increased by a factor of 3 (AMAP, 
2013). Inuvik peat bog recorded Hg deposition for the last 6000 years. At this site, Hg 
predominantly deposits via GEM dry deposition (91 ± 9 %, Table 2). Peat Hg isotope 
signatures therefore reflect past GEM isotope composition. From the MDF fractionation 
factor observed between vegetation and GEM (-2.5 to -2.9 ‰) (Demers et al., 2013; Enrico et 
al., under revision) and Inuvik peat δ202Hg (-1.69 ± 0.25 ‰, 1σ, n = 7, modern active layer 
discarded), pre-anthropogenic GEM δ202Hg can be estimated to be in the range 0.6 – 1.5 ‰ 
above Inuvik peat bog. Interaction with vegetation at the peat – atmosphere interface causes 
increases in residual GEM δ202Hg, so this estimate does not reflect the global GEM isotope 
signature. Background GEM isotope composition is expected to be slightly lower than the 
estimate, depending on the amount of vegetation in interaction with the atmosphere. Inuvik 
peat Δ199Hg is -0.38 ± 0.10 ‰ (1σ, n = 7), which should be close to the pre-anthropogenic 
GEM Δ199Hg. Possible foliar Hg photoreduction could have slightly decreased Δ199Hg, but 
this process was shown to be of limited influence (about 0.1 ‰ fractionation). 
The Pinet peat bog is influenced by both GEM dry deposition (77 ± 10 %, Table 2) 
and Hg wet deposition (23 ± 10 ‰). Pre-anthropogenic (> 4000 years BP) peat displays 
δ202Hg of -0.98 ± 0.28 ‰ and Δ199Hg of -0.39 ± 0.08 ‰ (1σ, n = 76). The higher δ202Hg 
observed at Pinet compared to Inuvik peat bog can highlight the higher influence of Hg wet 
deposition, geographical differences in GEM isotope signatures or a difference in peat surface 
vegetation dynamics. Higher efficiency in GEM sequestration by peat surface vegetation is 
expected to cause higher peat and overlying GEM δ202Hg, according to a Rayleigh 
fractionation model. Differences in GEM δ202Hg can result from different trajectories of air 
masses. Interactions with vegetation prior to reaching the peat bog ecosystem would cause 
enrichment in heavy Hg isotopes. Other factors that could generate GEM differences are 
different contributions from various Hg sources (volcanic degassing, oceanic evasion). 
Comparable Δ199Hg are found in Pinet and Inuvik peat bogs, suggesting a homogeneous MIF 
signature in the pre-anthropogenic atmosphere. 
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Pre-industrial atmospheric Hg isotope signatures 
Anthropogenic influence on Hg cycling probably began prior to industrialization, with 
modifications in land use and mining activities (Streets et al., 2011). At Pinet, this pre-
industrial anthropogenic impact results in lower δ202Hg (-1.77 ± 0.18 ‰, 1σ, n = 19, period 
1500 – 1880 AD) compared to pre-anthropogenic peat layers (-0.98 ± 0.28 ‰, 1σ, n = 76, 
period 10,000 – 4,000 BP). Estibere and Kuujjuarapik peatlands also display low δ202Hg for 
this period (respectively -1.25 ± 0.14 ‰ and -1.51 ± 0.22 ‰, 1σ, n = 19 and 10). 
Peatlands from Norway also display low δ202Hg for pre-industrial times. It points out 
enrichment of atmospheric GEM in light Hg isotopes. Mining activities could be responsible 
for such a shift, emitting crustal Hg with low δ202Hg (Yin et al., 2014). However, crustal Hg 
has no significant Δ199Hg anomalies, and therefore should have caused an increase in 
atmospheric Δ199Hg. Since no change in Δ199Hg was detected in the long term Pinet peat 
profile, mining activities are unlikely to be responsible for the decrease in δ202Hg. 
Modifications of land use to establish croplands and pasture have decreased global forested 
areas. This decrease in global vegetal biomass potentially reduced the foliage surface area of 
the terrestrial Hg reservoir. Interactions with GEM could have been affected, with less 
efficient GEM sequestration by vegetation, resulting in higher GEM concentration and lower 
ambient GEM δ202Hg. 
This scenario agrees well with lower peat δ202Hg and no significant change in Δ199Hg 
at Pinet site. However, this hypothesis is only supported by one long term peat record. Other 
records are not old enough (Estibere, Norway peatlands, Kuujjuarapik, Hongyuan), do not 
have sufficient time resolution (Inuvik) or are affected by specific Hg sources (Penido Vello). 
Further extensive studies on Hg isotopes in peat cores are required to confirm or not this 
scenario. 
 
Industrial atmospheric Hg isotope signatures 
We present in Figure 5 peat Hg isotope compositions for three different periods of peat 
accumulation in five different peatlands. Most peatlands display higher δ202Hg for industrial 
than for pre-industrial peat layers (Figure 5). Slightly higher Δ199Hg is also often observed, 
although not systematic. The major industrial Hg emission source is coal combustion (Streets 
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et al., 2011). Estimates of historical GEM isotope emissions by coal combustion have shown 
low temporal variability (Sun et al., 2014), with average δ202Hg of -0.1 ± 0.5 ‰ (1σ) and 
Δ199Hg of 0.05 ± 0.06 ‰ (1σ). Emitted Hg by coal combustion therefore displays lower 
δ202Hg than our estimated pre-anthropogenic GEM, and therefore contributes to enrich the 
atmosphere in light Hg isotopes. However, the transition between pre-industrial and industrial 
peat is characterized by slightly increasing δ202Hg. This could indicate that industrial Hg 
emissions display higher δ202Hg than pre-industrial background GEM, but lower than pre-
anthropogenic GEM. While coal Hg emissions have slightly negative Δ199Hg, peat Δ199Hg 
increases in industrial peat layers. Pre-industrial and pre-anthropogenic atmospheric Δ199Hg 
were therefore more negative than coal Δ199Hg.  
Kuujjuarapik peatland does not show any trend in Δ199Hg (Figure 5 and S3). The peat 
core was retrieved from a filled thermokarst depression formed about 300 years ago (Arlen-
Pouliot and Bhiry, 2005). Flooded at first, this depression was then filled by accumulation of 
peat. The presence of water at the surface of the peatland possibly allowed some aqueous Hg 
photoreduction, producing higher Δ199Hg in the retained Hg fraction. With the infilling of the 
pond, aqueous Hg photoreduction cannot occur anymore. In-sphagnum Hg photoreduction 
can also lead to Hg losses by reemission, but the MIF sign of this reaction is potentially 
inverse to classical aqueous Hg photoreduction. The alternation of these two hydrological 
regimes possibly confounds temporal variations in atmospheric Hg isotope composition. It is 
therefore recommended to take peat environment changes into account when reconstructing 
past atmospheric Hg isotope signatures. 
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Figure 5. Temporal trends in peat Hg isotope composition (δ202Hg and Δ199Hg) in Pinet, 
Estibere, Inuvik, Kuujjuarapik and Hongyuan peatlands. The three periods considered are 
pre-anthropogenic (prior to anthropogenic influence on Hg cycling), pre-industrial (pre-1880 
AD) and industrial era (post-1880 AD). Results from other peatlands are not reported 
because of limited number of analyzed samples (Norway peatlands, see figure S1) or no 
observed variations (Penido Vello, see figure S2). 
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CONCLUSIONS 
Peatlands can potentially be used as archives of past GEM concentration. The contributions of 
Hg wet deposition and GEM dry deposition can be distinguished using Hg stable isotopes. 
These contributions are site-specific and depend on GEM concentration, Hg wet deposition 
and possibly peat surface vegetation growth. Except for one peatland on the Tibetan Plateau, 
GEM dry deposition was estimated to contribute to more than 50 % of total Hg deposition to 
peatlands. Because the GEM dry deposition velocity is suspected to be a function of 
vegetation cover, reconstructed HgAR by peat cores from different sites cannot be compared 
directly. Normalizing to pre-industrial or pre-anthropogenic HgAR is needed prior to any 
comparison. Reconstruction of past GEM concentration is theoretically possible using stable 
Hg isotopes in peat. However, it requires high temporal resolution determination of peat Hg 
isotope composition to avoid over-interpretation of even Hg isotope anomaly profiles.  
Changes in Hg atmospheric dynamics occurred during the last millennia. We speculate 
that a drop in δ202Hg occurred in relation with land use change (forest clearing). Industrial Hg 
emissions led to increases in both GEM δ202Hg and Δ199Hg, which is in good agreement with 
Hg emissions by coal combustion. 
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1. Uncertainties in mass balance calculation 
In the main text, we use peat Δ200Hg signatures to calculate GEM dry deposition and Hg wet 
deposition to peatlands. This approach is based on the conservative properties of Δ200Hg in 
Earth surface ecosystems, whereas δ202Hg and Δ199Hg can be affected by numerous processes. 
However, the difference of precipitation and GEM Δ200Hg, although significant, is not high 
enough to provide a high precision mass-balance. The uncertainty associated with Δ200Hg 
measurement is 0.04 ‰ (1σ on ETH-Fluka SRM), which is more than 20% of the difference 
between precipitation and GEM Δ200Hg.  
In order to overcome this imprecision, it is required to group data of peat Δ200Hg. It 
reduces the influence of outliers, and allows the calculation of GEM dry deposition and Hg 
wet deposition with a better degree of confidence. In the main text we present data grouped by 
peat site, although the number of data is low for some peatlands (n = 5 in each Norway 
peatland) and very high for others (n = 145 for the Pinet peat bog).  
In the main text, we do not discuss in detail the possibility of temporal variations in 
respective contributions of GEM dry deposition and Hg wet deposition. Such modification 
could derive from peat surface vegetation change, and needs to be assessed for reconstructing 
past Hg deposition using peat cores. With only a few analyzed samples, it is not possible to 
distinguish temporal variability from artifacts caused by uncertainties associated with Δ200Hg.  
For all these reasons, only peatlands with high numbers of data are presented in Figure 
5 of the main text. Norwegian sites were not analyzed at the same resolution and the temporal 
variability in peat Δ200Hg is uncertain (Figure S1). 
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Figure S1. Peat Hg isotope composition (δ202Hg, Δ199Hg and Δ200Hg) in Norway peatlands as 
a function of peat age 
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2. Penido Vello profiles 
The depth profiles of Penido Vello peat core (Figure S3) show no real trend in Hg stable 
isotope signatures. Because of its very negative δ202Hg, we speculate in the main text that it is 
influenced by oceanic air masses with low δ202Hg. No change in peat Hg stable isotope 
composition could indicate that Hg stable isotope signature of oceanic emissions did not 
change over the past 2000 years. No change in surface layers suggests that it has not been 
influenced by primary anthropogenic Hg emissions. However, Hg fluxes to the peat bog have 
been shown to increase by a factor of 17 (Martinez-Cortizas et al., 1999). It is therefore 
possible that despite constant Hg isotope composition of oceanic passive emissions, Hg fluxes 
increased because of legacy anthropogenic Hg emissions (Amos et al., 2013). 
 
Figure S2. Penido Vello profiles of peat Hg stable isotope composition (data from Ghosh et 
al., 2008) 
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3. Kuujjuarapik peatland 
Based on 
210
Pb chronology, we estimated an average HgAR of 20 µg m
-2
 y
-1
 for the last 
100 years of peat accumulation at Kuujjuarapik peatland. Profiles of δ202Hg, Δ199Hg and 
Δ200Hg for Kuujjuarapik peatland are shown on figure S3. The peat core was sampled in a 
thermokarst pond formed about 300 years ago. Because it was firstly filled with water, we 
suggest in the main text that aqueous Hg photoreduction could have altered Δ199Hg 
signatures. A drop in peat Δ199Hg (-0.1 ‰) at 24 cm-depth possibly marks the infilling of the 
pond (Figure S3). Because aqueous Hg photoreduction could not occur anymore, Δ199Hg 
signatures are found lower. The subsequent increase in peat Δ199Hg possibly traces the 
increasing contribution of industrial Hg emissions, as recorded in the other peatlands (Figure 
5 in the main text). 
 
Figure S3. Profiles of δ202Hg, Δ199Hg and Δ200Hg and Hg concentration in the core from 
Kuujjuarapik peatland. 
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4. Climatic parameters and peat Hg stable isotope signatures  
The amount of precipitation could potentially influence Hg wet deposition. However, we 
found no clear trend between annual precipitation and wet HgAR we reconstructed from a 
Δ200Hg mass balance (Figure S4A).  
 Other parameters, such as temperature and altitude, could have an effect on vegetation 
development and consequently on GEM uptake. No systematic trend was observed between 
GEM dry deposition and temperature or altitude. However, we can identify tendencies with 
both temperature and altitude, although it is not followed by all peatland sites. Higher average 
annual temperatures seem to favor GEM dry deposition (Figure S4B). This is consistent with 
dependence between GEM sequestration and vegetation growth conditions. 
A trend between altitude and GEM dry deposition contribution (Figure S4C) is 
followed by six sites (Hongyuan, Estibere, Pinet, Inuvik, Andoya and Penido Vello). 
Peatlands located at high altitude seem to record more Hg wet deposition than GEM dry 
deposition. However, no relation was found between GEM dry deposition and altitude. 
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Figure S4. (A) net Hg wet deposition reconstructed for the last 100 years as a function of 
annual precipitation (10 sites), (B) net GEM dry deposition reconstructed for the last 100 
years against temperature (10 sites), and (C) GEM dry deposition contribution to HgAR 
relation with peatland altitude (all sites, n = 11). There is no existing value of HgAR for 
Hongyuan peatland. Linear regressions give R
2
 of 0.28 (panel A), 0.31 (panel B) and 0.49 
(panel C). 
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Objectifs et résumé 
Dans les précédents chapitres, nous avons démontré que les dépôts de Hg sur les tourbières se 
font principalement par dépôts secs de GEM et dépôts humides. Les contributions respectives 
de ces deux types de transfert sont différentes d’une tourbière à l’autre, et peuvent être 
estimées en utilisant l’isotopie du Hg. Le fractionnement indépendant de la masse des 
isotopes pairs du Hg est particulièrement utile pour un tel calcul étant donné que les 
signatures en Δ200Hg (et Δ204Hg) diffèrent entre les précipitations (Δ200Hg positif) et le GEM 
(Δ200Hg légèrement négatif, souvent non différent de zéro), et surtout parce que ces anomalies 
sont conservatives. L’application de l’isotopie du Hg dans des carottes de tourbe pourrait 
alors permettre une reconstruction des concentrations en GEM durant l’Holocène. Ici, 
l’objectif est de reconstruire les dépôts humides de Hg et les concentrations en GEM à partir 
de carottes de tourbe provenant de deux tourbières pyrénéennes (Estibère et Pinet). 
Les taux d’accumulation de Hg (HgARs) ont été reconstruits à l’aide de ces deux 
tourbières pyrénéennes. L’évolution des signatures isotopiques en Hg a également été 
reconstruite. Les anomalies Δ200Hg sont ici utilisées pour calculer les contributions des deux 
types de dépôt de Hg dans les deux tourbières. La tourbière minérotrophe d’Estibère, située à 
2100 m d’altitude, présente des Δ200Hg (0,06 ± 0,03 ‰, 1σ, n = 29) plus forts que la tourbière 
ombrotrophe du Pinet (0,01 ± 0,04 ‰, 1σ, n = 148). Les dépôts humides de Hg représentent 
donc une plus grande fraction des dépôts totaux à Estibère (43 ± 8 %) qu’au Pinet (19 ± 8 %). 
Le profil de Δ200Hg de la carotte de tourbe d’Estibère ne présente pas de variation temporelle 
significative, suggérant que les contributions des dépôts secs de GEM et des dépôts humides 
de Hg sont restées constantes dans le temps. En revanche, des variations significatives sont 
observées dans les carottes de la tourbière du Pinet, avec une contribution des dépôts de GEM 
plus importante lors des 40 dernières années (89 ± 8 % en 1970 – 2010) que dans les couches 
plus profondes (74 ± 7 % pour les 10,000 années précédant 1970). Un changement écologique 
est suspecté comme cause de cette modification des mécanismes de dépôts de Hg. Une 
croissance plus rapide des sphaignes de surface n’a que peu d’incidence sur leur concentration 
en Hg de la tourbe, mais l’augmentation de la production de biomasse permet une 
assimilation plus importante de GEM par unité de surface et de temps.  
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En se basant sur les HgARs calculés pour les deux tourbières et les contributions des 
deux types de dépôts, les dépôts nets de GEM (HgARs secs) et les dépôts humides (HgARs 
humides) ont été reconstruits. Les dépôts humides de Hg montrent des tendances similaires 
aux deux sites d’étude, avec un HgAR humide pré-industriel (1760 – 1880) de                      
2,7 ± 0,6 µg m
-2
 an
-1
 à Estibère et 2,1 ± 0,6 µg m
-2
 an
-1
 au Pinet. Il augmente ensuite lors de la 
période industrielle pour atteindre un maximum de 10,6 ± 1,6 µg m
-2
 an
-1
 à Estibère (période 
1946 – 1967) et 6,3 ± 1,9 µg m-2 an-1 au Pinet (période 1955 – 1967). Les dépôts secs de 
GEM montrent en revanche des évolutions différentes sur les deux sites. La période de HgAR 
sec maximum est trouvée plus tardivement au Pinet (1975 – 2001) qu’à Estibère (1946 – 
1967). Cette différence est probablement liée au changement de taux de croissance des 
sphaignes au Pinet discuté précédemment. 
La reconstruction des concentrations historiques de GEM dans l’atmosphère nécessite 
la connaissance des dépôts secs de GEM, ainsi que de sa vitesse de dépôt (VGEM, en cm s
-1
). 
La VGEM a été estimée en divisant les HgARs secs récents par la concentration en GEM 
actuelle dans les Pyrénées, mesurée à l’Observatoire du Pic du Midi (1.5 ± 0.3 ng m-3). La 
croissance de la végétation ayant un impact sur la VGEM, la VGEM calculée pour la tourbière du 
Pinet n’est pas valable pour les couches précédant le changement écologique. La tourbière 
d’Estibere n’ayant pas subi de tel changement, la VGEM actuelle a été appliquée aux HgARs 
secs pour recalculer les concentrations en GEM pour les 1200 dernières années. Entre 800 et 
1760 AD, la concentration en GEM était de 0,36 ± 0,09 ng m
-3
, et a ensuite augmenté pour 
atteindre 0,85 ± 0,20 ng m
-3
 entre 1760 et 1880, et un maximum de à 3,5 ± 0,5 ng m
-3
 en 
1946 – 1967, ce qui est très cohérent avec une précédente reconstruction basée sur des 
mesures de GEM dans de l’air piégée dans un névé polaire (3 ng m-3 autour de 1970).  
L’enregistrement de la tourbière d’Estibère ne remonte malheureusement pas assez 
loin dans le temps pour estimer la concentration en GEM naturelle. Une VGEM pré-
perturbation (avant le changement écologique) a été estimée au Pinet en utilisant les données 
de concentration en GEM reconstruites pour la tourbière d’Estibère et les HgARs secs 
reconstruits au Pinet pour la même période. Ainsi, il est possible de déterminer la 
concentration en GEM naturelle pendant l’Holocène en considérant que la VGEM n’a pas 
changé de manière drastique lors des 10 000 années précédant 1970. La concentration en 
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GEM en 800 – 1760 (0,36 ± 0,09 ng m-3) était donc proche du niveau naturel de 
0,24 ± 0,11 ng m
-3
. En revanche la concentration en GEM était déjà quatre fois plus forte que 
le niveau naturel entre 1760 et 1880, et l’a même surpassé d’un facteur 16 en 1946 – 1967.  
En ce qui concerne les signatures isotopiques en δ202Hg des échantillons de tourbe, 
elles permettent d’identifier un premier changement dans le cycle global du Hg bien avant 
l’avènement de l’ère industrielle. Une diminution du δ202Hg de -0,98 ± 0,28 ‰ (1σ, n = 76) 
pendant la période pré-minière à -1,77 ± 0,18 ‰ en 800 – 1880 dans la tourbière du Pinet 
montre peut-être une influence des activités minières et pastorales dans les Pyrénées. 
L’industrialisation a ensuite provoqué une ré-augmentation du δ202Hg à -1,49 ± 0,20 ‰ 
(période 1880 – 2011) pour la tourbière du Pinet et de -1,25 ± 0,14 ‰ (1σ, n = 19, période 
800 – 1880) à -0,96 ± 0,10 ‰ (1σ, n = 10, période 1880 – 2011) pour la tourbière d’Estibère. 
Une augmentation en Δ199Hg liée à l’industrialisation est également observée (de         
-0,37 ± 0,13 ‰ à -0,06 ± 0,07 ‰ à Estibère et -0,30 ± 0,05 ‰ à -0,22 ± 0,06 ‰ au Pinet entre 
les périodes 800 – 1880 et 1880 – 2011), résultant des émissions industrielles de Hg ayant des 
Δ199Hg moins négatifs que les émissions naturelles. L’isotopie du Hg dans des carottes de 
tourbe permet donc la reconstruction des dépôts humides de Hg et des concentrations en 
GEM, ainsi que l’identification des perturbations passées du cycle du Hg.   
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ABSTRACT 
Peatlands integrate mercury from both wet and dry deposition. Past mercury accumulation 
rates and peat mercury stable isotope signatures (δ202Hg, Δ199Hg and Δ200Hg) were 
investigated in an ombrotrophic (Pinet) and a minerotrophic peatland (Estibere) from the 
French Pyrenees. We used the conservative Δ200Hg signatures to determine that dry 
deposition of gaseous elemental mercury (GEM) is the dominant Hg deposition pathway in 
both peatlands. Net GEM deposition velocity was found to be site-specific and has changed 
over time in relation with vegetation cover. We reconstructed past GEM dry deposition and 
Hg wet deposition in the Pyrenees, and we report the first reconstruction of past atmospheric 
GEM concentrations using peat cores. Both GEM concentrations and Hg wet deposition 
follow the same trends, with maxima during the 1946-1967 period. During this period, GEM 
concentrations of 3.5 ± 0.5  ng m
-3
 were 16 ± 5  times the natural Holocene background 
(10 000 – 4,000 years BP) of 0.24 ± 0.11  ng m-3. Recent (2000 – 2010) GEM concentrations 
are lower (1.5 ± 0.3 ng m
-3
) but still exceed the natural background by a factor of 11.  
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INTRODUCTION 
The impact of natural and anthropogenic emissions on atmospheric mercury (Hg) deposition 
can be investigated using environmental archives such as ice cores (Schuster et al., 2002), 
lake sediments and peatlands (Amos et al., 2015). In the atmospheric boundary layer, gaseous 
elemental Hg (Hg
0
, GEM) is the dominant Hg species (~98%). GEM is considered as 
relatively inert, but can be oxidized to the highly reactive and soluble gaseous oxidized Hg 
(GOM) form. This reactive Hg can then dissolve in cloud water, or bind to particles to form 
particulate bound Hg (PBM) and deposit to terrestrial surfaces. Due to the long residence time 
of GEM in the atmosphere (0.5-1 year) (Selin et al., 2008), Hg deposition to environmental 
archives is assumed to derive from both regional and global emissions. Peat bogs have been 
widely used as archives of past Hg deposition (Amos et al., 2015; Biester et al., 2007; 
Bindler, 2006; Roos-Barraclough et al., 2002). Previous work suggested large differences in 
relative changes in past Hg deposition between peat and sediment archives, and indicated 
sediments to be more reliable (Biester et al., 2007). Amos et al. (2015) recently reconciled the 
issue, showing good agreement between pre-industrial and all-time enrichment factors of 
sediment (EFpreind 3.0 and EFalltime 17) and peat (EFpreind 4.3 and EFalltime 27) records.  
Peatlands are generally thought to integrate Hg mostly from wet deposition (Benoit et 
al., 1998; Lamborg et al., 2002). We recently suggested living sphagnum moss, and recent 
peat layers from the Pinet peat bog (French Pyrenees mountains) to predominantly register 
GEM dry deposition (Enrico et al., under revision). The influence of PBM and GOM dry 
deposition at the site was found to be negligible. Sphagnum peat bogs are therefore potential 
archives of GEM dry deposition and of past GEM concentrations. The latter may be 
influenced by changes in local and regional vegetation.  Reconstructed temporal variations in 
Hg accumulation rates (HgAR) from peat cores systematically show increasing HgAR in 
Human impacted peat layers (Amos et al., 2015). The timing and amplitude of this increase 
differ from one peatland to another, primarily because of local, regional and/or global Hg 
emissions (Allan et al., 2013; Zuna et al., 2012). Multiple core-based studies revealed 
moderate intra-site variability (Bindler et al., 2004; Martínez Cortizas et al., 2012), possibly 
resulting from local variability in GEM dry deposition in relation with heterogeneous surface 
vegetation (Enrico et al., under revision; Rydberg et al., 2010).  
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Stable Hg isotopes have proven to efficiently trace sources and processes affecting Hg 
(Blum et al., 2014). All Hg transformations potentially lead to mass-dependent fractionation 
(MDF) of the seven stable Hg isotopes (masses from 196 to 204). Additionally, odd mass Hg 
isotopes (
199
Hg and 
201
Hg) can fractionate mass-independently (MIF) during photochemical 
Hg transformations (Bergquist and Blum, 2007; Zheng and Hintelmann, 2010). Another MIF 
mechanism seems to affect both odd and even Hg isotopes, producing odd and even Hg 
isotope anomalies in precipitation (Chen et al., 2012; Demers et al., 2013; Enrico et al., under 
revision; Gratz et al., 2010). Recently, similar anomalous Hg isotope composition was found 
in free tropospheric GOM + PBM fractions (Enrico et al., under revision), suggesting that 
these anomalies are generated during oxidation of GEM in GOM, probably in the upper 
troposphere region. Hg stable isotope signatures, and in particular even Hg isotope MIF, of 
sphagnum moss and peat at the Pinet peat bog  were critical in quantifying GEM dry 
deposition (Enrico et al., under revision). Here, we investigate the temporal evolution of bulk 
HgAR, GEM dry deposition, Hg wet deposition, and GEM concentrations over the past 1000 
years using three cores from the same Pinet peat bog. Additionally, we present observations 
from a high altitude mire Hg isotope record from the Pyrenees. 
 
EXPERIMENTAL SECTION 
Study sites. The Pinet peat bog (42.85°N, 1.97°E, 880m a.s.l.) is located in the French 
Pyrenees. It is a 5m-deep Sphagnum peat bog representing 10,000 years of peat accumulation. 
Annual precipitation in the area is 1161 mm (average for the period 2010-2014). The surface 
of the peat bog is at present sparsely covered by pine trees. Three 5 m – deep peat cores were 
sampled within a 10m-radius in September 2010 using Wardenaar [18] and Russian corers. 
An additional 72 cm-deep Wardenaar core was sampled in 2011 from the high altitude 
Estibere peatland (42.83°N, 0.17°E, 2120m a.s.l.). Estibere is a minerotrophic sphagnum 
peatland located in the Parc National of the Central Pyrenees, 150 km west to the Pinet peat 
bog (Figure S1).  
 
Chapter 3. Mercury isotopes in Pyrenees peat: archives of atmospheric concentration and 
deposition 
 
144 
 
Sample preparation. Samples were prepared following Givelet et al. (2004) and Le Roux 
and De Vleeschouwer (2010). The frozen peat cores were cut at 1cm-resolution using a 
stainless steel band-saw. The edges of the samples were removed to avoid possible 
contamination during coring and storage, and kept frozen. Prior to analyses, peat samples 
were freeze-dried to avoid any loss of Hg. Pictures of every sample were taken and analyzed 
with ImageJ software in order to determine the surface of each slice and the thickness was 
measured. This method was chosen to precisely determine volume and density of samples 
(Figures S2, S4), which is required to calculate HgAR. 
 
Age dating. 
210
Pb activity was measured in 80 samples from the 3 Pinet peat cores and in 14 
samples from the single Estibere peat core by gamma-spectrometry at the underground 
LAFARA facilities of the Midi-Pyrenees Observatory. The chronology for the last ~150 years 
was reconstructed assuming a constant rate of supply (CRS model) (Appleby et al., 1997; 
Binford, 1990). Based on six 
14
C radiocarbon dates of Pinet peat samples and one of an 
Estibere sample, ages of peat layers predating the industrial period were determined, 
including early Holocene peat (Figure S3). 
 
Hg concentration analyses. Total Hg concentrations in all peat samples (n = 342, 407, 377 
and 51 for cores A, B and C from the Pinet peat bog and the core from Estibere peatland 
respectively) were measured by atomic absorption spectrophotometry (AAS) using a 
Milestone DMA-80. The instrument was calibrated with coal and lichen standard reference 
materials (SRMs NIST 1632d, NIST 2685b, and BCR 482). During analyses, coal or peat 
SRMs (NIST1632d, NIST2685b, NIMT) were measured every 15 samples to check the 
calibration, and procedural blanks were measured every 5 samples. NIST1632d, NIST2685b 
and NIMT Hg concentration were 91.6 ± 8.2 (1σ, n = 112), 144.7 ± 10.5 (1σ, n = 73), and 
157.9 ± 8.3 ng g
-1
 (1σ, n = 22) respectively, for certified values of 92.8 ± 3.3, 146.2 ± 10.6 
and 164 ± 20 ng g
-1
. Duplicate Hg measurements were made on selected samples to assess 
reproducibility of analyses (maximum of 10% variability for all duplicated samples).   
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Hg extraction and isotope measurement. Selected peat samples were analyzed for Hg 
isotopic composition. The extraction procedure is detailed in Sun et al. (2013) and briefly 
summarized here. A sample aliquot of 0.3 to 5 g was weighed and placed in a dual tube-
furnace set-up under a 25 mL min
-1
 flow of Hg-free oxygen. The volatile sample combustion 
products, including gaseous Hg were transported from the first furnace into a second 
decomposition furnace kept at 1000°C and then bubbled through a 40 vol% HNO3/HCl (2:1) 
solution to oxidize and quantitatively trap gaseous Hg. The solutions were then diluted to 20 
vol% acidity prior to isotopic composition analysis by cold vapor multi-collector inductively 
coupled plasma mass spectrometry (CV-MC-ICPMS) at the Midi-Pyrenees Observatory 
(Toulouse, France). Hg recovery in the solutions ranged from 80 to 110%.  
Measured Hg isotope ratios were corrected for instrumental mass bias by bracketing samples 
with the NIST SRM3133 standard. Delta values are expressed in permil (‰) (Bergquist and 
Blum, 2007): 
𝛿𝑥𝑥𝑥𝐻𝑔 =
(
 
 
(
𝐻𝑔𝑥𝑥𝑥
𝐻𝑔198
)
𝑠𝑎𝑚𝑝𝑙𝑒
(
𝐻𝑔𝑥𝑥𝑥
𝐻𝑔198
)
𝑆𝑅𝑀3133
− 1
)
 
 
∗ 1000 
To quantify MIF, ∆-notation is used, and is the difference between the δ-value measured and 
the theoretical δ-value defined by mass-dependent fractionation: 
∆𝑥𝑥𝑥𝐻𝑔 = 𝛿 𝐻𝑔𝑠𝑎𝑚𝑝𝑙𝑒 − 𝛽 ∗ 𝛿 𝐻𝑔𝑠𝑎𝑚𝑝𝑙𝑒
202𝑥𝑥𝑥  
Where β-values are 0.252, 0.502 and 0.752 for isotopes 199, 200 and 201 respectively 
according to the kinetic MDF law (Bergquist and Blum, 2007).  
Long-term expanded analytical uncertainties were assessed by replicate analyses of 
UM-Almaden and ETH Fluka SRMs. UM-Almaden displayed δ202Hg of -0.57 ± 0.06 ‰, 
Δ199Hg of -0.03 ± 0.04 ‰ and Δ200Hg of 0.00 ± 0.04 ‰ (1σ, n = 46), and Fluka had δ202Hg of 
-1.43 ± 0.07 ‰, Δ199Hg of 0.08 ± 0.03 ‰ and Δ200Hg of 0.03 ± 0.04 ‰ (1σ, n = 57). 
Procedural control SRMs NIST1632d (n = 17), NIST2685b (n = 7) and BCR482 (n = 5) 
yielded results similar to published data, and with 2σ of 0.16 ‰ on δ202Hg, 0.06 ‰ on Δ199Hg 
(Estrade et al., 2010; Sun et al., 2013). Every sample was measured for Hg isotopic 
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composition in duplicate. Additional measurements were made when duplicate results 
exceeded 2σ of procedural standards. 
 
Calculation of wet and dry Hg accumulation, and past GEM concentration. In this study, 
we use a mass-balance based on Δ200Hg signatures to discriminate the contributions of Hg wet 
deposition and GEM dry deposition to Hg accumulated in peat. Mass-independent 
fractionation of even Hg isotopes is thought to originate from the upper troposphere or 
stratosphere, and the anomalies generated (Δ200Hg) are therefore conservative at the Earth’s 
surface. The relative difference in Δ200Hg observed between precipitation and GEM are 
therefore used to calculate the contribution of each deposition pathway: 
Δ200𝐻𝑔𝑝𝑒𝑎𝑡 = Δ
200𝐻𝑔𝐺𝐸𝑀 × 𝑓𝐺𝐸𝑀 + Δ
200𝐻𝑔𝑤𝑒𝑡 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 × 𝑓𝑤𝑒𝑡 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 
𝑓𝐺𝐸𝑀 + 𝑓𝑤𝑒𝑡 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 = 1 
With fGEM and fwet deposition representing the fractions of Hg deposited via GEM dry deposition 
and Hg wet deposition respectively relative to total Hg accumulation.  
 This calculation assumes that all Hg is deposited via Hg wet deposition and GEM dry 
deposition, with insignificant contribution of other atmospheric species (particulate and 
gaseous oxidized Hg). Using these equations, we can obtain values for fGEM and fwet deposition, 
which can be applied to HgAR to obtain wet HgAR (HgAR caused by wet deposition) and 
dry HgAR (HgAR caused by GEM dry deposition): 
𝐻𝑔𝐴𝑅 = 𝑑𝑟𝑦 𝐻𝑔𝐴𝑅 × 𝑓𝐺𝐸𝑀 + 𝑤𝑒𝑡 𝐻𝑔𝐴𝑅 × 𝑓𝑤𝑒𝑡 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 
Dry deposition of GEM is then supposed to depend on atmospheric GEM 
concentration and GEM dry deposition velocity (VGEM): 
𝑑𝑟𝑦 𝐻𝑔𝐴𝑅 = 𝐶𝐺𝐸𝑀 × 𝑉𝐺𝐸𝑀 
 As soon as VGEM is known, it is therefore possible to recalculate past concentrations of 
atmospheric GEM (CGEM) by assuming that VGEM remained constant with time. 
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RESULTS AND DISCUSSION 
In discussing HgAR, and Hg enrichment factors we adopt the recent nomenclature by Amos 
et al. (2015) who reviewed peat and sediment records of Hg. The considered periods are: 
modern times (1985 – present), extended 20th century maximum (20Cmax), pre-industrial 
(1760 – 1880), pre-large scale mining (< 2000BC). The 20Cmax is defined as the time period 
between onset and decline of the broad 20th century peak (approximately 1940 to 1985). The 
following associated enrichment factors are discussed: EFpreind = 20Cmax HgAR / pre-
industrial HgAR; EFalltime = 20Cmax HgAR / pre-mining HgAR. Because Estibere record 
extends back to 800 AD, we also discuss independently the period between 800 and 1760 AD.  
 
Intra and inter-site variability in HgAR 
The three Pinet peat cores (labeled A, B and C) reveal consistent pre-mining (10,000 – 4,000 
years BP) HgAR (1.3 ± 0.8, 1.7 ± 1.1 and 1.4 ± 0.7 µg m
-2
 y
-1
 for cores A, B and C, 1σ, n = 
331, 352 and 280 respectively) and pre-industrial (1760 – 1880 AD) HgAR (8.1 ± 3.2, 6.5 ± 
2.2 and 6.5 ± 2.3 µg m
-2
 y
-1
 for cores A, B and C, 1σ, n = 4, 3 and 4 respectively). The 
cumulative Hg inventories for the industrial period (1880 – present) also give similar values 
of 3.4, 3.7 and 3.4 µg m
-2
 (cores A, B and C respectively, see SI). This high consistency 
contrasts with other multiple cores based studies (Bindler et al., 2004; Martínez Cortizas et 
al., 2012). Reconstructed HgARs are possibly highly dependent on vegetation cover (Enrico 
et al., under revision; Rydberg et al., 2010). Our approach relies on three peat cores sampled 
within a 10 m – radius. This sampling scale does not seem to allow observations of significant 
differences due to vegetation on the Pinet peat bog. In contrast, Martinez-Cortizas et al. 
(Martínez Cortizas et al., 2012) reported high variability in Hg inventory in fourteen Spanish 
peat cores sampled over a larger surface area (Hg inventories of 1.7 to 5.1 µg m
-2
 for the last 
110 years of peat accumulation).  
Based on the three individual Pinet peat cores, we reconstructed a ‘mastercore’ HgAR 
that is representative of the three Pinet peat cores results (see SI, Figure S5). The average 
HgAR during the industrial period (1880 – present) is 25 ± 11 µg m-2 y-1 (Figure 1), which 
corresponds to an average enrichment factor of 16 ± 8 compared to the pre-anthropogenic 
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average. The 20Cmax HgAR is found for 1975 – 2001 period and is 44 ± 4 µg m-2 y-1. This 
corresponds to EFalltime of 28 ± 4 and EFpreind of 6 ± 1, in good agreement with global peatland 
(EFallime of 27 ± 14 and EFpreind of 6 ± 4, 1σ, n = 14) and deep lake sediment archive studies 
(EFallime of 17 ± 17 and EFpreind of 3 ± 1, 1σ, n = 7) (Amos et al., 2015). The 20Cmax peak in 
HgAR at Pinet is unusually late compared to the 20Cmax in global peat archives (mean 
20Cmax period in between 1940 – 1977, n = 20 (Amos et al., 2015)), but of similar 
magnitude as global peat 20Cmax HgARs (median 41 µg m
-2
 y
-1
, n = 20, period 1940 – 
1977). The Pinet 20Cmax HgAR is however lower than sites highly impacted by local 
anthropogenic activities such as lead smelters, thermal power plants and coal mines (Allan et 
al., 2013; Ettler et al., 2008; Zuna et al., 2012).  
The historical evolution of HgAR inferred from the Estibere peat core reveals a 
gradual increase from 2.6 ± 0.7 µg m
-2
 y
-1
 in the 800 – 1760 AD period to 6.0 ± 1.3 µg m-2 y-1 
during the pre-industrial reference period (1760 – 1880), and reaches 21 ± 3 µg m-2 y-1 
(EFpreind = 7 ± 1) in 1946 – 1974 (Estibere 20Cmax period) and a decrease afterwards to 9.5 ± 
3.5 µg m
-2
 y
-1
 in 1990 – 2011 (Figure 1). The timing of the 20Cmax period is therefore in 
good agreement with other peat studies (Amos et al., 2015), but differs from the Pinet peat 
bog. Differences with the Pinet peat bog were unexpected, given that ombrotrophic and 
minerotrophic peatlands were found to compare well in the Swiss Alps (Roos-Barraclough 
and Shotyk, 2003).  
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 Figure 1. Evolution of HgAR (upper panel) and peat Δ200Hg (lower panel) 
recorded in Pinet (red) and Estibere (blue) peat cores for the past ~1200 years of peat 
accumulation. The grey area represents a period of ecological change at the Pinet peat bog 
surface, as shown by a decrease in Δ200Hg associated to high HgAR. 
 
Hg stable isotopes in peat 
δ202Hg (MDF), Δ199Hg (and Δ201Hg, odd isotope MIF) and Δ200Hg (and Δ204Hg, even isotope 
MIF) signatures give information on the sources and processes affecting Hg. Mass-dependent 
fractionation occurs during virtually all incomplete Hg transformation and affects δ202Hg 
signatures only. MIF of odd isotopes in the environment is specific to photochemical Hg 
transformations. Photoreduction of inorganic Hg
II
 and methylmercury generally produces 
negative Δ199Hg in the product Hg0 (Bergquist and Blum, 2007). When bound to S-ligands, 
Hg
II
 photoreduction was shown to be reversed, producing positive Δ199Hg in volatilized Hg0 
and negative Δ199Hg in the remaining HgII (Zheng and Hintelmann, 2010). 
 
Positive Δ200Hg has been repeatedly observed in Hg in rainfall in N-America, Asia and 
Europe (Chen et al., 2012; Enrico et al., under revision; Gratz et al., 2010; Wang et al., 2015). 
Δ200Hg is thought to be generated during oxidation of GEM into GOM and/or PBM in the 
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upper troposphere and stratosphere, though the exact mechanism is not understood (Chen et 
al., 2012). Recently we observed that positive Δ200Hg of free tropospheric reactive Hg 
(GOM+PBM) is transferred to cloud water Hg by scavenging and conserved in precipitation 
Hg over the Pinet area (Δ200Hg = 0.21 ± 0.04 ‰, 1σ, n = 9, (Enrico et al., under revision). We 
also showed that the positive Δ200Hg in GOM+PBM, cloud water and rainfall Hg in southwest 
France is counterbalanced by a small negative Δ200Hg signature in the dominant atmospheric 
GEM (-0.05 ± 0.02 ‰, 1σ, n = 10). Signatures in Δ204Hg were shown to exhibit similar 
though opposite trends, also likely related to the same upper atmospheric oxidation of GEM. 
Mercury transformations at the Earth’s surface do not seem to generate measurable even 
isotope MIF. We therefore suggested that Δ200Hg (and Δ204Hg) can be used as conservative 
source tracers in Earth surface ecosystems (Enrico et al., under revision) (Chapter 2). In a 
previous study of Hg accumulation by living sphagnum moss and recent peat at Pinet we 
illustrated how Δ200Hg and Δ204Hg can be used to identify and quantify GEM dry deposition 
to sphagnum (Enrico et al., under revision). 
Because of our poor understanding of the underlying even isotope MIF process, we do 
not know how atmospheric Δ200Hg evolved during the industrial period and the Holocene. 
The complementarity of GEM Δ200Hg (slightly negative) and precipitation (positive) suggests 
that they are dependent, and thus the ratio between GEM Δ200Hg and precipitation Δ200Hg has 
probably not changed through time. In other words, if in the past precipitation had higher 
Δ200Hg, automatically GEM would have had lower Δ200Hg (by isotope mass balance), and wet 
and dry Hg deposition estimates to peat would be approximately unaffected. We will 
therefore use present-day rainfall Hg and GEM Δ200Hg values as end-members to estimate 
past GEM dry deposition and Hg wet deposition contributions to peat Hg records. Estibere 
peat systematically displays higher Δ200Hg (0.06 ± 0.03 ‰, 1σ, n = 29, period 800 – 2011) 
than Pinet peat (0.00 ± 0.03 ‰, 1σ, n = 72, period 800 – 2011), reflecting a larger 
contribution from Hg wet deposition (Figure 2). Generally though, both peatlands display 
Δ200Hg signatures closer to GEM than to wet deposition, suggesting that GEM dry deposition 
dominated Hg deposition to Pyrenees peatlands throughout the Holocene. 
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Figure 2. Mass dependent (δ202Hg) and mass-independent Hg isotope signatures of 
(A) odd (shown as Δ199Hg) and (B) even Hg isotopes (shown as Δ200Hg) in atmospheric Hg 
(black squares and triangles respectively stand for wet deposition and GEM); and post-800 
AD peat samples from Pinet cores A (red circles), B (red triangles) and C (red squares), as 
well as Estibere peat core (blue circles). 
 
Even isotope MIF appears to be an upper atmospheric process that only affects (i.e. 
has measurable Δ200Hg and Δ204Hg in) the small GOM+PBM reservoir and wet deposition 
flux. Odd isotope MIF however, is a widespread Earth surface phenomenon that is mainly 
caused by aqueous Hg photochemistry. It has imprinted both negative and positive Δ199Hg 
(and Δ201Hg) on larger geochemical reservoirs, such as the atmospheric GEM pool, Hg in coal 
basins, and Hg in lake, river, coastal and marine sediments. Similar to even isotope MIF, odd 
isotope MIF in rainfall has distinct positive Δ199Hg and Δ201Hg at Pinet (0.72 ± 0.15 ‰ and 
0.76 ± 0.14 ‰ for Δ199Hg and Δ201Hg respectively, 1σ, n = 9, (Enrico et al., under revision)), 
that contrast with negative Δ199Hg and Δ201Hg of ambient GEM (-0.17 ± 0.07 ‰ and -0.16 ± 
0.08 ‰ for Δ199Hg and Δ201Hg respectively, 1σ, n = 10, Figure 2, (Enrico et al., under 
revision). GEM dry deposition to vegetation promotes uptake of light Hg isotopes with a 
mass-dependent isotope fractionation factor ε of -2.5 to -2.9 ‰ (Demers et al., 2013; Enrico et 
al., under revision), but is not expected to generate MIF. The slightly negative Δ199Hg of 
modern ambient GEM (-0.2 ± 0.1 ‰, 1σ, n = 99) (Demers et al., 2013; Enrico et al., under 
revision; Fu et al., 2014; Gratz et al., 2010; Rolison et al., 2013; Yin et al., 2013) is therefore 
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partly conserved in peat (Figure 2). Photochemical Hg reemission from foliage and sphagnum 
moss can however cause both MDF and MIF (Demers et al., 2013; Enrico et al., under 
revision). This MIF-inducing reaction was suggested to produce slightly more negative MIF 
anomalies (by 0.1 per mil) in the Hg fraction remaining in aspen foliage (Demers et al., 2013). 
This is inverse to classical aqueous Hg photoreduction (Bergquist and Blum, 2007), but 
consistent with Hg photoreduction in the presence of S-ligands (Zheng and Hintelmann, 
2010). This suggests Hg to be predominantly bound to S-ligands in sphagnum and peat, as 
hypothesized by Zaccone et al. (Zaccone et al., 2009). Variations in δ202Hg and Δ199Hg of 
peat can therefore be potentially linked to different GEM and wet deposition contributions, to 
variations in the GEM isotope composition, and to variations in photochemical Hg 
reemission. Values of δ202Hg and Δ200Hg are both found to be higher (p < 0.05) at Estibere 
than at Pinet, while Δ199Hg at Estibere display both higher and lower values than at Pinet site 
(Figure 2). These differences can result from differences in the respective contributions of 
GEM dry deposition and Hg wet deposition, and in photochemical Hg reemissions from 
sphagnum foliage (except Δ200Hg). Difference in these factors are not unexpected  given the 
differences between the two sites (ombrotrophic and low altitude Pinet peat bog compared to 
the minerotrophic and high altitude Estibere peatland). 
 
Past wet and dry Hg deposition 
Profiles of Δ200Hg (Figure 1) inform on the evolution of the relative contributions of net GEM 
dry deposition (dry HgAR) and net Hg wet deposition (wet HgAR). Wet and dry HgAR can 
be calculated using Δ200Hg mass balances between rainfall (Δ200Hg of 0.21 ± 0.04 ‰, 1σ, n = 
9) and GEM (Δ200Hg of -0.05 ± 0.02 ‰, 1σ, n = 10) (Enrico et al., under revision). The 
calculated averages GEM dry deposition contributions to HgAR are 57 ± 8 % at Estibere and 
81 ± 8 % at Pinet (both 1σ, n = 29 and 72 respectively). The profile of Δ200Hg in Estibere peat 
core does not reveal any significant variability (Figure 1), suggesting that the Hg transfer 
mechanism to the peatland did not change through time. In the Pinet peat cores, a significant 
decrease in Δ200Hg occurs around 1970, indicating that GEM dry deposition became more 
important during the last 40 years (average 89 ± 8 % for 1970 – 2010 period, 1σ, n = 37) 
compared to pre-1970 period (74 ± 7 % from 10,000 BP to 1970 AD, 1σ, n = 35). 
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For Estibere peatland, the average GEM (57 ± 8 %) and wet deposition contributions 
(43 ± 8 %) were applied to the whole peat core in order to calculate wet and dry HgARs 
(Figure 3). For the Pinet peat cores, a GEM contribution of 74 ± 7 % was applied to pre-1970 
peat layers. Post-1970 evolution of GEM and Hg wet deposition contributions were estimated 
by smoothing the Δ200Hg profile (Figure 1). The resulting wet and dry HgARs are presented 
in Figure 3. Wet HgARs reconstructed from Estibere and Pinet peatlands are in good 
agreement, with respective increases from 1.1 ± 0.3 and 0.5 ± 0.2 µg m
-2
 y
-1
 in 800 – 1760 
AD to 2.7 ± 0.6 and 2.1 ± 0.6 µg m
-2
 y
-1
 in 1760 – 1880 AD (pre-industrial), and then a 
maximum of 10.6 ± 1.6 and 6.3 ± 2.9 µg m
-2
 y
-1
 during the period of maximum wet HgAR 
(1946 – 1967 at Estibere and 1955 – 1967 at Pinet) (Figure 3A). Slightly higher wet HgAR is 
found at Estibere than at Pinet. This possibly derives from higher annual precipitation, in the 
form of snowfall, at Estibere. It is also possible that GOM and PBM dry deposition is higher 
at Estibere than at Pinet. Very low GOM+PBM concentrations were found over the Pinet peat 
bog (Enrico et al., under revision). We therefore concluded that it has no significant impact on 
Hg deposition to the peat bog. GOM+PBM was not measured over Estibere peatland, but it is 
located close to the Pic du Midi Observatory, where the average annual GOM and PBM 
concentrations are 27 and 14 pg m
-3
, that is to say one order of magnitude higher than over the 
Pinet peat bog. GOM+PBM have Δ200Hg signatures similar to wet deposition (Enrico et al., 
under revision). Our Δ200Hg mass balance at Estibere therefore includes GOM+PBM dry 
deposition (but not GEM dry deposition). 
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Figure 3. Wet (A) and dry (B) HgAR reconstructed from Estibere (blue) and Pinet (red) peat 
cores. Pre-anthropogenic averages from the Pinet peat cores are represented as green 
circles. 
 
The evolution of GEM dry deposition inferred by both peat records are presented in 
Figure 3B. Average pre-industrial (1760 – 1880 AD) dry HgAR is 3.5 ± 0.8 µg m-2 y-1 for 
Estibere and 5.4 ± 1.5 µg m
-2
 y
-1
 for the Pinet bog. A difference between the two peatlands is 
obvious in industrial peat layers (Figure 3), with a late peak in dry HgAR at Pinet (1975 – 
2001) compared to Estibere (1946 – 1967). This peak observed in Pinet peat cores co-occurs 
with the low Δ200Hg (Figure 1). GEM dry deposition seems to have been more efficient after 
1970 at Pinet. GEM dry deposition is thought to reflect GEM uptake by sphagnum foliage 
(Enrico et al., under revision). Increased annual biomass production increases sphagnum leaf 
surface per peat surface unit. While sphagnum Hg concentrations would be poorly affected by 
higher sphagnum growth rates, HgARs would increase. Sphagnum growth conditions may 
therefore have a strong influence on GEM dry deposition. Normalizing HgAR to carbon 
accumulation could potentially correct this effect (see SI, figure S6). Such normalization was 
used in fourteen peat cores from Chao de Lamoso peatland (Martínez Cortizas et al., 2012). 
Whereas industrial HgARs varied by a factor of 3 (inventories of 1.7 – 5.1 mg m-2 for the last 
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110 years), profiles of Hg/C were consistent. However, carbon is reemitted during peat 
decomposition, while Hg is immobile (Benoit et al., 1998). In the Pinet peat cores, Hg/C ratio 
corrected well the timing of HgAR peaks between the three cores (see SI), confirming that the 
late 20Cmax HgAR peak derives from higher sphagnum growth in the latter half of the 20
th
 
Century.. 
 
Reconstruction of past GEM concentration 
The reconstruction of past GEM concentrations requires the knowledge of both dry HgAR (in 
µg m
-2
 y
-1
) and net annual GEM dry deposition velocity (VGEM, in cm s
-1
). We discussed 
above how VGEM is dependent on sphagnum growth. We calculate VGEM using modern dry 
HgAR (25.5 ± 1.5 and 13.9 ± 1.6 µg m
-2
 y
-1
 for Pinet and Estibere respectively) and present-
day GEM concentration over the Pyrenees (1.5 ± 0.3 ng m
-3, 1σ (Enrico et al., under 
revision)). We obtain a VGEM of 0.053 ± 0.003 cm s
-1
 for the Pinet peat bog and 0.013 ± 0.003 
cm s
-1
 for Estibere peatland. These values fall in the large range of punctual observations (0 –
 2 cm s
-1
) (Zhang et al., 2009). This large range points out that VGEM is a balance between 
GEM assimilation and reemission rates, which depend on many parameters such as GEM 
concentration, vegetation density, solar radiation and temperature. Diurnal and seasonal trends 
were observed in the literature, but our approach using peat archives relies on an annual 
average and such variations are therefore not expected. 
The objective is to apply calculated VGEM for the modern period to deeper peat layers. 
This assumes that VGEM is constant with time. In the Pinet peat cores, variations in Δ
200
Hg 
indicated a change in dry/wet AR ratio during the past ~40 years, probably because of 
variations in VGEM (Figure 1). This was possibly caused by peat exploitation during the early 
1970’s, which caused a change in Pinet peat surface vegetation (Figure S7). Because of this 
ecological change at the Pinet peat bog surface, present-day VGEM cannot be applied to deeper 
peat layers. At Estibere peatland, a profile of Δ200Hg does not reveal any change in VGEM 
(Figure 1). It can therefore be applied to past dry HgAR to calculate past GEM concentrations 
at Estibere (Figure 4A). Because the GEM dry deposition contribution and VGEM were shown 
to be constant, the evolution of past GEM concentration follows the same trend as HgARs at 
Estibere. We find a GEM concentration of 0.36 ± 0.09 ng m
-3
 between 800 and 1760 AD, 
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increasing to 0.85 ± 0.20 ng m
-3
 during pre-industrial times (1760 – 1880), and finally 
reaching a maximum of 3.5 ± 0.5 ng m
-3
 in 1946 – 1967. The latter is highly consistent with 
another reconstruction based on Hg
0 
measurements in polar firn air (Fain et al., 2009), which 
gave a maximum GEM concentration of 3 ng m
-3
 around 1970 (Figure 4A).  
Based on these reconstructed GEM concentrations at Estibere (Figure 4A) dry HgAR 
in the Pinet peat layers predating the shift in peat Δ200Hg (5.4 ± 1.5 µg m-2 y-1, period 800 – 
1970), we estimated a pre-1970 VGEM for the Pinet peat bog (0.020 ± 0.010 cm s
-1
). Because 
pre-anthropogenic (10,000 – 4,000 BP) peat Δ200Hg (0.02 ± 0.04 ‰, 1σ, n = 76) is similar to 
800 – 1970 values (0.02 ± 0.02 ‰, 1σ, n = 35, p < 0.05), we applied this pre-1970 VGEM to 
deeper peat layers in order to estimate pre-anthropogenic GEM concentration at Pinet. We 
determined an average Holocene GEM concentration of 0.24 ± 0.11 ng m
-3
, comparable to the 
800 – 1760 AD period. GEM concentration during the pre-industrial period 
(0.85 ± 0.20 ng m
-3
) was therefore three times the natural Holocene background, suggesting 
that the human impact on the global Hg cycle predates 19
th
 Century industrialization.  
The Holocene GEM level of 0.24 ± 0.11 ng m
-3
 is the first ever archive-based 
reconstruction of what atmospheric Hg levels may have been during pre-anthropogenic times. 
Our estimate agrees well with a recent box model-based estimate of pre-anthropogenic GEM 
of 0.17 ng m
-3
 (Amos et al., 2015). Together these studies reinforce the idea that human 
impact on the global Hg cycle predates recent (19 – 20th century) industrialization, as 
suggested by other studies on anthropogenic Hg emissions (Hylander and Meili, 2003; Streets 
et al., 2011). 
 
Pre-industrial anthropogenic influence on Hg cycling 
The negative peat δ202Hg in both peatlands derives from the mixing between Hg wet 
deposition and MDF during GEM dry deposition. Atmospheric GEM generally has positive 
δ202Hg (Demers et al., 2013; Enrico et al., under revision; Fu et al., 2014; Gratz et al., 2010), 
although coastal environments possibly have GEM with negative δ202Hg (Rolison et al., 
2013). GEM dry deposition to vegetation induces large MDF (-2.5 – -2.9 ‰) (Demers et al., 
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2013; Enrico et al., under revision), which is conserved in peat. If not associated with changes 
in VGEM, variations in peat δ
202Hg possibly reflect variations in past atmospheric δ202Hg. 
 The difference in δ202Hg between the two peatlands (Figure 4B) is mostly caused by 
different Hg wet deposition and GEM dry deposition contributions (Figure 2). Temporal 
δ202Hg variations at Pinet indicate a first shift between pre-anthropogenic (-0.98 ± 0.28 ‰, 
1σ, n = 76, 10,000 BP – 800 AD) and post – 800 AD peat (-1.74 ± 0.19 ‰, 1σ, n = 12 for 800 
– 1760 AD peat layers). Pre-industrial peat δ202Hg is similar (p > 0.05) to 800 – 1760 period 
(-1.78 ± 0.13 ‰, 1σ, n = 12). Enrichment in light Hg isotopes in the atmosphere could 
potentially derive from different Hg emission source contributions (e.g. oceanic evasion, 
volcanic degassing, biomass burning, emissions related to mining and smelting) or a change 
in atmospheric Hg isotope fractionation processes. The timing of this shift predates the large 
scale impact of mining activities on Hg cycle (Camargo, 2002; Hylander and Meili, 2003). 
Post-800 AD peat Δ199Hg (-0.30 ± 0.05 ‰, 1σ, n = 21 for 800 – 1880 peat layers) is slightly 
but significantly (p < 0.05) different from pre-anthropogenic times (-0.39 ± 0.08 ‰, 1σ, 
n = 76). The negative GEM Δ199Hg results from MIF during photochemical emission of Hg 
from marine or terrestrial surfaces mixed with primary emissions (volcanic or industrial) 
which have near zero Δ199Hg. Biomass burning is not expected to have an influence on GEM 
Δ199Hg, as vegetation and surface soil Δ199Hg are similar to GEM Δ199Hg. However, because 
of the large fractionation factor between vegetation and GEM, biomass burning may emit Hg 
that is significantly enriched (by -2.5 to -2.9 ‰) in light Hg isotopes compared to ambient 
GEM. 
Before 1760, GEM concentration was therefore comparable to the natural Holocene 
background, while δ202Hg significantly shifted to lower values. This indicates that the 
hypothetical additional Hg source to the atmosphere was highly enriched in light Hg isotopes, 
consistent with biomass burning. Another alternative would be a change in an atmospheric Hg 
isotope fractionation process. In an investigation of Hg isotope signatures in sphagnum 
mosses (Enrico et al., under revision), we speculated about the potential control of terrestrial 
vegetation on the global Hg cycle. Because vegetation is a sink for Hg, periods with lower 
global vegetation cover may have led to higher global GEM concentration. Deforestation 
during the Middle Ages for pastoral and agricultural purposes possibly led to a decrease in the 
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annual vegetal biomass production (Kaplan et al., 2009). The large fractionation factor 
associated with GEM dry deposition to vegetation is consistent with a slight increase in GEM 
concentration (from the natural Holocene background of 0.24 ± 0.11 ng m
-3
 to 
0.36 ± 0.10 ng m
-3
 in 800 – 1760). The decrease in δ202Hg during the Middle Ages could 
therefore derive from biomass burning, deforestation, or a combination of both. 
 
Influence of industrialization on atmospheric Hg stable isotope signatures 
In both Estibere and Pinet cores, δ202Hg and Δ199Hg increase during the industrial period 
(p < 0.05 between pre-industrial and industrial periods). Estibere peat δ202Hg and Δ199Hg 
during the industrial period are -0.96 ± 0.10 ‰ and -0.06 ± 0.07 ‰ (1σ, n = 20), compared to 
-1.13 ± 0.09 ‰ and -0.23 ± 0.05 ‰ (1σ, n = 5) during pre-industrial times (and                         
-1.29 ± 0.12 ‰ and -0.42 ± 0.11 ‰ in 800 – 1760 AD, 1σ, n = 14). Similar shifts from                  
-1.77 ± 0.18 ‰ (1σ, n = 21) to -1.49 ± 0.20 ‰ (1σ, n = 51) for δ202Hg and from                              
-0.30 ± 0.05 ‰ (1σ, n = 21) to -0.22 ± 0.06 ‰ (1σ, n = 51) for Δ199Hg are observed in Pinet 
cores.  
Increases in δ202Hg and Δ199Hg in the first half of the 20th Century appear related to 
industrial Hg emissions. The major Hg emission source during the industrial period is coal 
combustion. Historical stable Hg isotope composition of Hg emitted by coal combustion was 
found to be relatively stable, based on coal burning inventories and regional differences in 
coal stable Hg isotope signatures (Sun et al., 2014). Signatures in Δ199Hg of GEM emitted by 
coal combustion was estimated between -0.23 and -0.05 ‰. The increase in Δ199Hg is 
therefore directly caused by this additional GEM source having higher Δ199Hg than pre-
industrial GEM (likely on the order of pre-industrial peat Δ199Hg, i.e. -0.3 to -0.4 ‰). 
Considering that pre-industrial peat δ202Hg from the Pinet bog (-1.77 ± 0.18 ‰, 1σ, n = 21) is 
depleted by -2.5 to -2.9 ‰ in δ202Hg compared to past GEM, GEM emissions by coal 
combustion have lower δ202Hg (-0.4 ± 0.3 to -0.1 ± 0.5 ‰, 1σ) (Sun et al., 2014) than pre-
industrial GEM (range 0.5 – 1.3 ‰). Unlike Δ199Hg, many processes can affect GEM δ202Hg. 
Variations in GEM δ202Hg might reflect changes in Hg source, although its Hg isotope 
signature cannot be precisely determined. 
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 Figure 4. (A) Past GEM concentrations reconstructed from Estibere peat core (Blue), 
and evolution of peat δ202Hg (B) and Δ199Hg (C) in Estibere (blue) and Pinet (red) cores. On 
panel A, the red curve represent GEM concentration reconstructed from the Pinet peat cores, 
using a GEM deposition velocity of 0.0195 ± 0.012 cm s
-1
. Green circles stand for pre-
anthropogenic (10,000 – 4,000 years BP) peat deposits. 
 
 
  
Chapter 3. Mercury isotopes in Pyrenees peat: archives of atmospheric concentration and 
deposition 
 
160 
 
 
 
 
 
 
Supporting information 
for 
Mercury isotopes in Pyrenees peat: archives of atmospheric 
concentration and deposition  
Chapter 3. Mercury isotopes in Pyrenees peat: archives of atmospheric concentration and 
deposition 
 
161 
 
1. Peat characteristics 
In this study, we investigated past Hg accumulation and peat Hg isotope composition. In 
addition to peat Hg concentration, four cores from two Pyrenean peatlands (Figure S1) were 
analyzed for bulk density, ash content and were dated with by 
210
Pb and 
14
C methods. 
 
Figure S1. Location of the two study sites. The Pinet peat bog is located at 880 m asl and 
Estibere at 2100 m asl. 
 
Pinet peat bog 
Profiles of peat bulk density, ash contetnt and Hg concentration are provided in figure S2. In 
the superficial layers of peat profiles, bulk density increases with depth as a result of ongoing 
decomposition. Bulk density show a peak near the surface in the three peat cores and remains 
stable in deeper peat layers (Figure S2). In the deepest layers (~ 495 – 500 cm), bulk density 
increases because of a transition between peat and glacial clay.  
 Ash content profiles indicate very low values (~2 % dw) above 300 cm, characteristic 
of ombrotrophic peatlands. Below 300 cm depth, ash content increases with depth, but rarely 
exceeds 5 %. Similar to bulk density, an increase is found in the deepest layers because of the 
transition between peat and clay. It is worth to note a peak in ash content between 30 and 
50 cm depth in all profiles (up to 15 % dw). 
Chapter 3. Mercury isotopes in Pyrenees peat: archives of atmospheric concentration and 
deposition 
 
162 
 
 Peat Hg concentrations vary from 4 to 150 ng g
-1
 in deep peat layers (100 – 500 cm), 
with averages of 18 ± 10 ng g
-1
, 23 ± 15 ng g
-1
 and 22 ± 12 ng g
-1
 (cores A, B and C 
respectively, n = 315, n = 327 and 271). A double peak is found in the first meter of the 
profiles, exceeding 200 ng g
-1
. The deepest of these peaks coincides with the peak in ash 
content. These peat layers are characterized by low peat mass accumulation rates (Figure S3). 
This increase in ash content, density and Hg concentration could be the result of higher peat 
decomposition. The other peak found closer to the surface of the peat cores is more likely the 
result of increased Hg deposition following industrial emissions. 
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Figure S2. Profiles of bulk density, ash content (measured after combustion in the Hg 
analyzer) and Hg concentration in the three 5 m-deep peat cores from the Pinet peat bog. 
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Figure S3. Age-depth model for the Pinet peat cores (left) and Estibere peat core (right). 
Because of similar profiles in density, ash content and Hg concentration, only one age model 
based on seven radiocarbon dates (3 from core A and 4 from core B) was applied for the 
three Pinet peat cores. For recent peat layers, age models were performed individually using 
210
Pb CRS chronologies (20, 41 and 22 measurements for cores A, B and C respectively). One 
period with very low peat mass accumulation rates is visible before 4000 years BP in Pinet 
cores. 
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Estibere peatland 
In Estibere peat core, bulk density increases with depth and reaches a stable value of 
0.12 g cm
-3
 below 25 cm depth. Ash content also increases with depth, and reaches 40 % at 
the bottom of the core (75 cm). We thus find higher ash content than in Pinet peat cores, 
showing that Estibere peatland in minerotrophic. Only one peak in Hg concentration is found 
in the profile, reaching 150 ng g
-1
 at 30 cm depth. Stable Hg concentrations are found below 
40 cm depth, with an average of 49 ± 6 ng g
-1
 (n = 24). 
 
Figure S4. Profiles of bulk density, ash content and Hg concentration in Estibere peat core. 
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2. Mercury accumulation rates and mastercore construction 
Peat mass accumulation rates are not constant along the peat profiles, because of compaction, 
variations in decomposition rates and peat surface vegetation growth. The use of Hg 
concentrations is therefore limited, as it is also dependent on these processes. For 
reconstructing variations in past Hg dynamics, it is therefore needed to calculate Hg 
accumulation rates (HgARs) (Roos-Barraclough et al., 2002): 
 
𝐻𝑔𝐴𝑅 =  
𝑐(𝐻𝑔) × 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝑎𝑔𝑒 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡
 
 
Calculated HgARs are reported in µg m
-2
 y
-1
. For Estibere peat record, this calculation was 
done for every peat sample (Results are presented in Figure 1 in the main text). 
 Three cores of the Pinet peat bog were analyzed for Hg concentration. Several studies 
reported some intra-site variability in reconstructed HgARs (Allan et al., 2013; Bindler et al., 
2004; Martínez Cortizas et al., 2012). In contrast, cumulative Hg inventories and HgARs in 
the three Pinet peat cores agree well (Figure S5). In order to build one single record using 
these three peat cores, we smoothed Hg cumulative inventories from the three Pinet peat cores 
with ages (Figure S5). The ‘mastercore’ HgAR is then calculated as the derivative of the 
smoothed curve. The uncertainties in HgAR are calculated as the difference between 
mastercore HgAR and individual core HgARs. 
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Figure S5. Cumulative Hg inventories and HgAR vs. time at the Pinet peat bog. The red line 
is the smoothed, weighted average of the three Pinet cores, and the red area represents 1σ 
uncertainty. Blue, green and red circles stand for samples from Pinet peat cores A, B and C 
respectively. 
 
3. Normalization to carbon accumulation 
From a relationship between peat mass accumulation rate and HgAR, it has been suggested 
that Hg might be reemitted during peat decomposition (Biester et al., 2003). A mass loss 
compensation factor (MLCF) was therefore proposed in order to correct for Hg losses (Biester 
et al., 2007). This correction assumes that Hg and C are both reemitted. Several studies 
contest the idea of Hg volatilization during peat decomposition (Benoit et al., 1998; Outridge 
and Sanei, 2010), suggesting that such a correction is not necessary. However, normalizing 
Hg to C accumulation in fourteen cores from Chao de Lamoso peatland successfully 
improved the comparability between cores (Martínez Cortizas et al., 2012). 
 Carbon concentration and carbon stable isotope composition (δ13C) was measured in 
selected samples from two Pinet peat cores (cores A and B). We used C concentration to 
normalize Hg accumulation (Figure S6). Reconstructed past Hg/C ratios clearly differed from 
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HgAR profile. The period of maximum Hg/C ratio was 1920 – 1990, while 20Cmax HgAR 
was found in 1975 – 2001.  
 
Figure S6. Temporal evolution of Hg/C ratio (A) and peat δ13C (B). The blue area stands for 
the corrected 20Cmax period (1920 – 1990) and the red area represent peat layers impacted 
by peat diagenesis. 
 
Reemission of C during peat decomposition causes C isotope fractionation (Figure 
S6B), enriching the remaining C fraction in 
13
C (Wynn, 2007). Peat layers dated after 2000 
are impacted by C losses, as shown by the δ13C profile. Deeper peat layers do not show any 
variation in δ13C, suggesting that most of peat decomposition already occurred for these 
layers. It is therefore unlikely that normalizing to C accumulation corrects for peat 
decomposition for pre-2000 peat layers. The improvement of the record after normalizing to 
C is therefore related to another process. As discussed in the main text, GEM dry deposition 
dominates Hg deposition to the Pinet peat bog. Because GEM dry deposition occurs to 
sphagnum leaves, it is highly dependent on sphagnum leaf surface per floor surface unit. 
Changing sphagnum growth rates therefore probably controls the GEM dry deposition 
velocity. Normalizing to C accumulation corrects for biomass production per year, and not for 
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peat decomposition. It is however not applicable to surface peat samples, where the lower 
Hg/C ratio is clearly related to C loss (Figure S6). 
 Pinet peat surface vegetation is known to have changed during the past decades (Le 
Roux, 2007). The bog was exploited and peat surface was invaded by trees (Figure S7). This 
probably affected sphagnum growth as well, promoting GEM dry deposition. 
 
 
 
Figure S7. Pictures of the Pinet peat 
bog in 1977 (A, B) and in 1999 (C, D). 
We can clearly see the invasion of the 
bog by trees. 
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Objectifs et résumé 
Dans les chapitres précédents, nous avons montré que les dépôts de Hg sur une tourbière se 
faisaient principalement par dépôts secs de Hg élémentaire gazeux (GEM) (Chapitres 1 et 2). 
Cette découverte ouvre de nouvelles opportunités, en particulier la possibilité de reconstruire 
les concentrations historiques en GEM à l’aide de tourbières (Chapitre 3). De nombreuses 
tourbières ont déjà été étudiées pour les dépôts de Hg. L’objectif de ce chapitre est donc de 
reconsidérer toutes ces études en considérant les tourbières en tant qu’archives de dépôts secs 
de GEM.  
 Les taux d’accumulation de Hg (HgARs) reconstruits à partir de carottes de tourbe 
montrent des augmentations suite à l’activité minière globale et à l’industrialisation. On 
considère donc trois périodes différentes : la période pré-minière (< 1550 AD), la période pré-
industrielle (1760 – 1880) et la période de HgARs maximum pendant le 20ème siècle 
(20Cmax). On trouve que les HgARs pendant la période pré-industrielle sont en moyenne 
5 ± 3 fois plus fort que le niveau pré-minier. La période 20Cmax est quant à elle caractérisée 
par des HgARs 9 à 140 fois supérieurs à la période pré-minière. 
 Une forte variabilité est trouvée pour les HgARs des trois périodes. Ceci suggère une 
grande variabilité spatiale des dépôts de Hg sur les tourbières, dont une partie n’est pas liée à 
l’activité anthropique. Durant la période pré-minière, les HgARs suivent un gradient 
latitudinal, les HgARs les plus forts étant trouvés au Sud et les plus faibles au Nord. Ce 
gradient latitudinal est potentiellement généré par des différences de végétation. Les dépôts 
secs de GEM sur une tourbière se font par assimilation du gaz par la végétation de surface. 
Les échanges gazeux entre l’atmosphère et la végétation sont donc probablement influencés 
par la surface foliaire. Indirectement, les dépôts secs de GEM sont donc fortement dépendants 
de la croissance de la végétation à la surface de la tourbière. On déduit donc que le gradient 
latitudinal en HgAR est causé par des différences de climat, plus favorable à la croissance de 
la végétation en zone tempérée qu’en Arctique.  
 En ce qui concerne les périodes pré-industrielle et 20Cmax, le gradient latitudinal en 
HgAR est masqué par la variabilité spatiale des émissions de Hg d’origine anthropique. En 
Europe, les tourbières proches de la mégalopole industrielle ont en outre enregistré des 
HgARs plus importants. Les tendances observées pendant la période industrielle sont en 
revanche très comparables, ce qui nous a permis de construire une courbe historique des 
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HgARs à l’échelle de l’hémisphère Nord à l’aide de 38 études. On trouve que la période 
20Cmax européenne est entre 1945 et 1990, et correspond à un EFalltime de 23 ± 9. Une 
comparaison entre les taux de GEM reconstruits à partir des tourbières avec des mesures de 
concentration en GEM lors des 30 dernières années montre un bon accord. En revanche, on ne 
trouve pas de preuve d’un impact important de l’activité minière lors de la ruée vers l’or et 
l’argent en Amérique du Nord (1860 – 1910), bien que des études aient estimé des émissions 
importantes de Hg à cette période. Une comparaison des EFs reconstruits à l’aide des 
tourbières avec des dépôts de Hg et des concentrations en GEM passées tirées de modèles 
globaux montrent un bon accord en termes de tendance générale.   
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ABSTRACT 
Peatlands have been used for decades to reconstruct past mercury deposition. Mercury 
deposition to peatlands mostly derives from gaseous elemental mercury uptake by vegetation 
and mercury wet deposition. Here, we compile all published reconstructions of past mercury 
deposition to Northern Hemisphere peat records and investigate the spatial and temporal 
variability in mercury accumulation rates (HgARs). Pre-large scale mining HgARs (< 1550 
BC) are in the range of 0.2 to 3.3 µg m
-2
 y
-1
. A latitudinal gradient is observed in pre-large 
scale mining HgARs, with the lowest values found in northernmost peatlands. We propose 
that this latitudinal trend reflects variations in vegetation cover which has a strong influence 
on GEM dry deposition via foliar uptake. Spatial variability in 20Cmax HgAR is high (95% 
distribution range 3-fold higher than the median). In Europe, this variability is related to the 
proximity to the European industrial belt. Using 38 peat records, we define a temporal trend in 
HgAR representative of the Northern hemisphere. We find that the typical 20Cmax period is 
between 1945 and 1990, characterized by an enrichment factor of 23 ± 9 compared to pre-
large scale mining HgARs. The reconstructed trend in HgARs is compatible with GEM 
concentration measurements extending back to 1974, as well as with reconstructed GEM 
concentrations from polar firn air. We find no evidence for a pronounced influence of gold 
and silver mining at the end of the 19
th
 Century, contrasting with recent modelling studies. 
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INTRODUCTION 
Mercury (Hg) is emitted to the atmosphere from natural sources such as volcanoes, soils and 
oceans. Mercury is emitted mostly in its elemental gaseous form (Hg
0
), which has a residence 
time in the atmosphere on the order of a few months (0.5 – 1 year) (Selin, 2009). Oxidation of 
gaseous elemental Hg (GEM) into more reactive oxidized Hg species is thought to drive 
atmospheric Hg deposition after incorporation into cloud water or adsorption on particles 
(Lindberg et al., 2007).  Large-scale anthropogenic Hg releases to the environment began a 
few hundred years ago with gold and silver mining in South America (Camargo, 2002; 
Hylander and Meili, 2003; Streets et al., 2011). Subsequent industrialization has had a major 
impact on Hg cycling. Industrial Hg emissions (coal combustion, metallurgy, mining) are 
nowadays higher than natural emissions by an order of magnitude (Horowitz et al., 2014). 
Past atmospheric mercury deposition is commonly investigated using environmental 
archives such as ice cores (Beal et al., 2015; Schuster et al., 2002; Vandal et al., 1993), lake 
sediments (Engstrom et al., 2014; Swain et al., 1992; Zhang et al., 2014) and peatlands 
(Biester et al., 2007; Bindler, 2006; Madsen, 1981; Martinez-Cortizas et al., 1999). Lake 
sediments and peatlands are the most studied archives to assess the human impact on past Hg 
deposition. Lake sediments integrate Hg from direct atmospheric deposition, as well as 
additional inputs from the watershed. Peat bogs lack a watershed, so that Hg deposition only 
derives from direct atmospheric deposition. Because of its high affinity for organic matter, Hg 
is efficiently sequestered after deposition in the first centimeters of peat bogs and considered 
as immobile (Benoit et al., 1998). A comparison of Hg accumulation rates (HgARs) inferred 
by lake sediments and peatland records was found to be consistent in Nova Scotia (Lamborg 
et al., 2002). A compilation of lake sediments and peatland-based reconstruction highlighted 
significant discrepancies in terms of HgARs and enrichment factors (Biester et al., 2007). 
Since then, it has been shown that 1. HgAR inferred by peatlands is highly influenced by 
GEM dry deposition (Enrico et al., in prep-a; Enrico et al., in prep-b; Enrico et al., under 
revision), and 2. the difference in enrichment factors between lake sediments and peatlands 
archives, although still significant, was lower than previously estimated (Amos et al., 2015). 
The relatively high HgARs found in peat records compared to lake sediments and monitored 
Hg wet deposition (Biester et al., 2007) therefore derive from GEM dry deposition to peat 
surface vegetation. The influence of Hg inputs from the catchment can also be important (Das 
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et al., 2015; Rydberg et al., 2015). Part of the additional inputs from the catchment ultimately 
derives from past GEM deposition to vegetation and soil in the watershed. A delay exists 
between deposition of GEM to vegetation and sedimentation in the lake. In contrast, Hg 
deposition to peatlands as GEM and wet deposition is directly integrated by surface 
vegetation. 
Numerous studies have focused on past Hg deposition using peat cores, especially in 
Europe. Historical trends in Hg accumulation rates (HgARs) inferred from peat records have 
shown increasing HgAR in the 20
th
 Century to reach a maximum in the 50 – 60’s, and 
declining HgARs afterwards (Amos et al., 2015). We propose here to review past Hg 
accumulation in peatlands from the Northern hemisphere, in order to better characterize the 
spatial and temporal variations observed. 
  
METHOD 
Defining reference periods for HgARs. Atmospheric Hg deposition was investigated in 
numerous peatlands across the Northern Hemisphere. To compare all these archives, we used 
several reference periods of past Hg accumulation, as detailed in Amos et al. (2015). Large 
scale mining at the start of the Spanish colonial period (~ 1550 AD) was identified as the first 
anthropogenic influence on the global Hg cycle (Camargo, 2002; Hylander and Meili, 2003; 
Streets et al., 2011), preceding the large impact of industrialization (1880 – present). 
 We therefore report pre-mining HgAR which represent the natural Holocene HgAR. 
Numerous studies were based short peat cores only dated with 
210
Pb activity. The half-life of 
210
Pb (22.3 years) does not allow precise age determination of peat layers older than 150 
years. Other peat cores dated by both 
210
Pb and radiocarbon allow a more precise 
reconstruction of pre-industrial HgARs. Because we intend to compare all peat records, a 
unique reference period is needed for pre-industrial HgARs. Following Amos et al. (2015), 
we use the operationally defined 1760 – 1880 period, which in most peat records shows 
constant HgARs that precede the major industrial HgAR increase. The industrial period 
integrates post-1880 HgARs. Within the industrial period, a period of maximum HgAR 
(20Cmax period) is defined between the maximum increase and recent (post-1990) decline in 
HgAR.  
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Dataset. Pre-mining, pre-industrial, average industrial and 20Cmax HgARs were determined 
from 30 studies (data provided in table S1). Additional unpublished data from one Pyrenean 
(Escale) and one German (Kohlütte Moor) peatlands were used. Profiles for these two peat 
cores are provided in figure S1. 
Statistics. We performed a Shapiro-Wilk normality test for all groups of data (pre-large scale 
mining HgAR, pre-industrial HgAR, 20Cmax HgAR, EFalltime and EFpreind). None of these 
groups were normally distributed. We therefore report median and a 95% distribution range 
rather than mean ± standard deviation.  
 
RESULTS AND DISCUSSION 
Overall temporal trends in HgARs 
Pre-mining HgARs were reported for 22 peat cores, with a global median of 1.0 µg m
-2
 y
-1
 
(95% distribution range 0.2 – 2.0 µg m-2 y-1, n = 22, figure 1). The 95% dispersion range (1.8 
µg m
-2
 y
-1
) is 2-fold higher than the median, showing high variability from a peatland to 
another. Pre-industrial (8 µg m
-2
 y
-1
, 95% dispersion range 2 – 30 µg m-2 y-1, n = 38, figure 1) 
and 20Cmax (37 µg m
-2
 y
-1
, 95% dispersion range 8 – 107 µg m-2 y-1, n = 42, figure 1) HgAR 
medians are higher than pre-mining HgAR, but of similar relative dispersion ranges. All three 
periods therefore reveal high variability in HgAR. At least part of this variability is of natural 
origin, as shown by the high dispersion of pre-mining HgAR. 
We found a median EFpreind of 3.4 (95% DR 1 – 9, n = 37) and EFalltime of 27 (95% DR 
10 – 38, n = 13), consistent with previous estimations of 4.2 and 25 for EFpreind and EFalltime 
respectively (Amos et al., 2015). The relative dispersion range is also high, possibly revealing 
spatial variability in the industrial influence on Hg deposition. 
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Figure 1. Range of HgARs in Northern Hemisphere peatlands for pre-mining (n = 22), pre-
industrial (n = 37) and 20Cmax (n = 42) periods. Green and blue circles stand for new data 
from Escale (French Pyrenees) and Kohlhütte Moor (Germany, Black Forest) peatlands 
respectively (see supporting information). Red crosses stand for outliers, which are not 
included in statistics. 
 
Spatial variability in HgAR 
For the pre-mining period, the average HgAR decreases with latitude (Figure 2A and 3A). 
Outridge and Sanei (2010) found that temporal variations in HgAR in the Inuvik peat bog 
followed peat accumulation rates. Peat accumulation rate is influenced by both peat growth 
and peat decomposition. Because no change in peat decomposition was associated with 
increasing peat AR and HgAR, they concluded that peat surface vegetation growth rate could 
drive variations in HgARs. Outridge and Sanei (2010) did not identify the mechanism 
responsible for the peat growth vs HgAR relationship. Based on our new findings we can 
argue that higher biomass production per year also increases the foliar surfaces available for 
sorption and exchange of gaseous Hg. In the Inuvik peat core, pre-mining HgARs varied from 
0.3 to 1.5 µg m
-2
 y
-1
, and the largest variations were caused by faster vegetation growth rates. 
A mass balance based on Hg stable isotopes supported the hypothesis of a large contribution 
of gaseous elemental Hg dry deposition by foliar uptake (Enrico et al., under revision). 
Natural inter-site variability could therefore be related to different vegetation growth 
conditions. 
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Figure 2. Pre-mining (A), pre-industrial (B) and 20Cmax (C) average HgARs as a function of 
peatland latitudes. 
 
Sphagnum growth has been shown to be controlled by photosynthetically active 
radiation during the growing season, which is highly dependent on latitude and cloudiness 
(Loisel et al., 2012). Latitudinal gradients also exist for modern Hg wet deposition, with lower 
Hg wet deposition rates at higher latitudes (Amos et al., 2012; Iverfeldt, 1991). The lower 
HgARs found at high latitudes for pre-anthropogenic times could therefore possibly result 
from latitudinal gradients in sphagnum growth rate and Hg wet deposition. We have however 
no evidence for any latitudinal trend in GEM concentration during the pre-mining period. 
During the pre-industrial and 20Cmax periods, HgAR is not only driven by a 
latitudinal gradient (Figure 2B and C). Highest pre-industrial and 20Cmax HgARs are found 
in Czech Republic, Belgium and United Kingdom (Figure 3). The spatial variability in 
20Cmax HgAR is very consistent with the variability in soil Hg concentration in Europe 
(Lado et al., 2008) (Figure S4). However, peatlands from UK do not display large EFpreind 
(except for one peatland in Ireland), because both pre-industrial and 20Cmax HgARs are high. 
This could indicate that pre-industrial Hg emissions in UK were already high, or that climatic 
conditions in UK favor sphagnum growth, causing higher HgARs. 
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Figure 3. European HgARs reconstructed for the pre-mining (A), pre-industrial (B) and 
20Cmax periods (C), and associated enrichment factor EFalltime (D) and EFpreind (E). 
  
 
Industrial evolution of peat HgAR in Northern hemisphere peatlands 
We aim at reconstructing the evolution in past atmospheric GEM concentration using the 
previous studies listed in table S1. Three cores from the Pinet peat bog (French Pyrenees 
Mountains) were successfully combined to build a single ‘mastercore’ using an approach 
based on cumulative Hg inventories (Enrico et al., in prep-b). The objective here is to apply 
this method to all peatlands from the Northern Hemisphere. 
 Published peat records do not cover the same time period, as coring dates and depth 
differ. Because our approach is based on cumulative Hg inventories, we need to define a 
precise period for the reconstruction. We chose to reconstruct HgARs from 1840 to 2000 
(Figure 4). We thus include part (1840 – 1880) of the pre-industrial period. For studies not 
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extending back to 1840, the oldest HgAR was applied to the missing peat layers. Similarly, 
the youngest peat layers were used to extrapolate HgARs for studies conducted on peat cores 
sampled prior to 2000. 
 Unlike the Pinet peat cores, the studies considered here show some variability 
in absolute HgAR (Table S1). The trends are however often similar, showing an increase in 
HgAR during the mid – 20th Century and a decrease in modern times. In order to overcome 
this variability, we normalized all cumulative Hg inventories to total accumulated Hg between 
1840 and 2000 (Figure 4A).  
Studies with insufficient time resolution (Martinez-Cortizas et al., 1999; Steinnes et 
al., 2003) or not dated for the whole industrial period (De Vleeschouwer et al., 2010; Shotyk 
et al., 2003) were excluded. Additional unpublished data obtained from a German peat bog 
(Kohlhütte Moor, Black Forest) and one French peatland (Escale, Pyrenees Mountains) are 
included (see supporting information, figure S1). A total of 38 peat records were combined to 
produce an average evolution of past HgARs in the Northern Hemisphere (Figure 4). All peat 
records of past HgAR do not display 20Cmax period at the exact same time interval. In order 
to estimate the temporal evolution of EFalltime, we used the median EFalltime for the whole 
industrial period (18 ± 8, 1σ, n = 17 for the period 1880 – 2000). We find a Northern 
hemisphere 20Cmax period between 1945 and 1990, with an EFalltime of 23 ± 9. It is lower but 
consistent with the median based on individual records (median of 27, 95% DR 10 – 38, n = 
13).  
We discussed how vegetation could have a predominant control on all intra-site, inter-
site and temporal variability in GEM dry deposition reconstructed from peat records. Hg wet 
deposition is probably only poorly affected by vegetation growth. The historical trend in 
HgAR is based on 38 peat records. We can therefore assume that variations in HgARs caused 
by temporal changes in vegetation growth rates are smaller compared to the variations related 
to GEM concentration and Hg wet deposition. Wet deposited Hg ultimately derives from 
GEM, after oxidation and assimilation of GOM and PBM in cloud water. We therefore argue 
that globally, Hg wet deposition and GEM concentrations are closely related. The temporal 
trend in HgAR we reconstructed for the Northern Hemisphere is therefore a direct estimation 
of variations in past GEM concentration and Hg deposition. 
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Figure 4. Cumulative Hg inventories normalized to post-1840 accumulated Hg (A), 
calculated normalized HgAR from the derivative of Hg inventories (B) and inferred average 
Hg enrichment factor for the period 1840 – 2000 (C). On panels A and B, lines stand for 
individual peatland results (n = 38), and the red curve and shaded area represent the average 
± 1σ.  
 
Work on historical Hg emission inventories reported potentially large Hg emissions 
from gold and silver mining in the 1870 – 1910 (gold and silver rush) and 1550 – 1850 
(Spanish colonial mining) periods (Horowitz et al., 2014; Streets et al., 2011). Large 
uncertainties of -50% to +300% are associated with these early mining emission estimates. 
Other studies have argued that Spanish colonial mining emissions were negligible (Engstrom 
et al., 2014; Lamborg et al., 2014), and that gold rush Hg emissions were two (Zhang et al., 
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2014) to three (Engstrom et al., 2014) times lower. Amos et al. (2015) recently performed 
sensitivity simulations using a global Hg box model that is driven by historical Hg emissions. 
They simulated the proposed scenarios for lower early mining emissions (Engstrom et al., 
2014; Zhang et al., 2014) and compared model output in the form of Hg inventories 
(atmosphere, soil), enrichment in deposition, and emissions against observations. It was found 
that some degree of early mining emissions is necessary to explain global Hg enrichment. The 
authors also argued that the annual to decadal residence time of Hg in watersheds causes 
smearing of HgAR trends in lake archives. Peat archives however register direct Hg 
deposition, and should have registered a pronounced peak in 19
th
 century Hg deposition if the 
estimated Hg emissions are realistic. None peat nor lake sediment records registered any 
pronounced Hg enrichment during the gold and silver rush (Figure 5A). Reconstructions of 
European and Northern America EFs separately do not give different results (see supporting 
information, figures S2 and S3). It is possible that the impact of these high Hg releases was 
limited on a global scale, but potentially had a strong influence locally.  
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Figure 5. Comparison of overall peat and lake sediments (grouped as remote, Eastern US 
and Asian) Hg enrichment (Zhang et al., 2014) normalized to 1840 values (A), global Hg 
deposition modeled by Amos et al. (2015) for different scenarios (B), modeled GEM 
concentration (Horowitz et al., 2014)(C), and global Hg emissions to the atmosphere 
according to Streets et al. (2011)and Horowitz et al. (2014) (D). On panel C, we also report 
GEM concentration reconstructed from polar firn air (Fain et al., 2009), EMEP monitoring 
data (open circles) (EMEP, http://www.emep.int/) and results of a 7-year study in Germany 
(Slemr and Scheel, 1998). 
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Recently modeled Hg deposition (Amos et al., 2015) shows a peak in Hg deposition in 
the 1970’s, consistent with EFs inferred by peat archives (Figure 5A and B). The model was 
based on Hg emission inventories estimated by Horowitz et al. (2014). Modeled GEM 
concentrations using the same Hg emission inventories follow the same trend as Hg 
deposition (Figure 5). However, modeled GEM concentrations do not reproduce measured 
values (EMEP, http://www.emep.int/). A reconstruction using polar firn air in Greenland also 
suggests twice higher GEM concentrations (3 ng m
-3
) (Fain et al., 2009) than modeled results 
(1.4 ng m
-3
) (Horowitz et al., 2014) for the 1970’s decade (Figure 5C). A reconstruction of 
past GEM concentration using Hg stable isotopes in peat records from the French Pyrenees 
also suggests GEM concentrations on the order of 3 ng m
-3
 in the 1960 – 1970’s decades 
(Enrico et al., in prep-b). Modeling studies consider a single atmospheric reservoir. 
Atmospheric Hg concentration is highly dependent on elevation, with the highest Hg 
concentrations found in the atmospheric boundary layer (Lyman and Jaffe, 2012). 
Reconstructions based on terrestrial archives therefore give an estimate of GEM 
concentrations at the Earth-atmosphere interface, which can be higher than the global 
tropospheric average reported by Horowitz et al. (2014). Differences between the Northern 
and Southern hemispheres have also been noticed, with higher atmospheric Hg concentrations 
in the Northern Hemisphere (Slemr et al., 2003). Our reconstruction using peatlands is based 
only on Northern hemisphere peatlands, which could explain part of the differences with 
global models. Additionally, we reconstructed past HgAR for continental environment only, 
while modelled global Hg deposition also takes Hg deposition to oceanic surfaces into 
account. As shown by the spatial variability in HgAR EFs in Europe, atmospheric Hg 
concentration seems to be highly dependent on the industrialization of the area (Figure 3). 
Vegetation cover could also have a control on local atmospheric Hg concentration. 
 
CONCLUSION  
In peatlands, HgARs depend on GEM concentration (and Hg wet deposition) and biomass 
production rate. HgARs can be highly sensitive to biomass production rates, as shown by 
large intra-site variability sometimes reported (Bindler et al., 2004; Martínez Cortizas et al., 
2012). Pre-mining HgARs seems to be dependent on the latitude, possibly because of 
differences in peatland vegetation (moss species) and growth rate. During pre-industrial and 
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industrial periods, the variability in HgAR is however more influenced by regional 
anthropogenic Hg emissions. 
 A reconstruction of past HgARs at the European scale gives variations consistent with 
measurements and reconstructed past GEM concentrations. Comparison with modelling 
studies indicates both similarities and discrepancies. Most recent global models reproduce 
well the trend in atmospheric Hg deposition inferred by peat records. Further developments 
are however needed to better simulate past and future GEM concentrations. 
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1. Additional data from Escale and Kohlhütte Moor peatlands 
Two new European peat records are included in the discussion. Escale peatland is located in 
the French Pyrenees. We sampled a 1 m-deep peat core and cut it at 1 cm-resolution. The 
basis of the peat core is 1000 years-old. Hg concentrations were measured in freeze-dried 
samples by atomic absorption spectrophotometry using a Milestone Direct Mercury Analyzer 
(DMA-80) at the Geosciences Environnement Toulouse (GET) laboratory. The bulk density 
and thickness of all samples was determined. A 
210
Pb-based age-depth model was performed 
assuming a constant rate of supply (Appleby et al., 1988) using 15 measurements and was 
then combined with one radiocarbon dating with clam (R software) (Blaauw, 2010). 
 Kohlhütte Moor is located in the Black Forest (South-Western Germany), and was 
previously analyzed for Pb accumulation and Pb isotope composition (Le Roux et al., 2005). 
Mercury concentrations were measured using a Leco AMA 254 at the Institute of 
Environmental Geochemistry at the University of Heidelberg. 
 Results from these two peat records are presented in Figure S1. Elevated HgARs are 
observed in the Escale peat record between 1200 and 1600 AD, resulting from mining and 
metallurgic activities nearby. Data from Escale are therefore not included in the pre-large 
scale mining HgAR discussion, as it was affected by local anthropogenic activities prior to 
1500 AD. 
 
Figure S1. Chronologies of HgAR in Escale and Kohlhütte Moor peatlands.  
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2. Reconstruction of past HgAR in Europe and North America 
Studies on past Hg deposition in North-America are mostly based on lake sediment archives 
(Amos et al., 2015). Only few studies used North-American peat records to investigate past 
Hg deposition (Benoit et al., 1998; Givelet et al., 2004; Givelet et al., 2003; Lamborg et al., 
2002; Norton et al., 1997; Outridge et al., 2011; Outridge and Sanei, 2010; Roos-Barraclough 
et al., 2006).  One peatland from north-western Canada had not sufficient time resolution 
(Outridge and Sanei, 2010), and two other peatlands from Northern Canada did not record 
industrial HgARs (Givelet et al., 2004). The reconstruction of past HgAR enrichment (Figure 
S3) is therefore based on only seven peat records. Additionally, only Luther bog (Givelet et 
al., 2003) and Caribou bog (Roos-Barraclough et al., 2006) were studied for both pre-mining 
and pre-industrial HgARs and gave different enrichment factors (average EFpre-ind of 16 and 7 
for Caribou and Luther peat records respectively). Because reconstructions of past HgAR 
using peat archives are mostly based on European records (n = 30 in Europe, n = 7 in 
Northern America and n = 1 in Asia), the European trend (Figure S3) is not different from 
Figure 4 in the main text. 
 
Figure S2. Reconstruction of past HgAR in Northern America using seven peat records.  
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Figure S3. Reconstruction of past HgAR in Europe using thirty peat records.   
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Figure S4. Comparison of the spatial variability of 20Cmax HgAR (A) and top soils Hg 
concentrations in Europe (B). Top soils Hg concentrations were taken from FOREGS 
geochemical database (drawn with data from Lado et al. (2008)). 
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Table S1. Compiled HgAR data from all peat archive studies in the Northern hemisphere: 
 
 
peatland reference 
Lat  
(°N) 
Long 
(°E) 
pre-
anthropogenic 
pre-
industrial 
Industrial 
average 
20Cmax 
Escale 
this study 
42.8 1.3 - 6.1 10 15 
Black forest 47.9 8.0 1.4 4.9 26 34 
Pinet (Enrico et al., 
in prep-b) 
42.9 1.8 1.5 10.0 26 42 
Estibere 42.8 0.2 - 6.0 15 24 
Penido Vello 
(Martinez-
Cortizas et al., 
1999) 
43.6 -7.6 3.3 27.7 56 84 
Chao de Lamoso 
(Martínez 
Cortizas et al., 
2012) 
43.5 -7.6 - 13.0 23 35 
Misten (Allan et al., 2013) 50.5 6.1 1.8 20.7 51 99 
Etang de la 
Gruere 
(Roos-
Barraclough 
and Shotyk, 
2003) 
47.2 7.0 1.0 4.0 13 30 
genevez 47.3 7.1 1.6 9.0 17 20 
Lindow 
(De 
Vleeschouwer 
et al., 2010) 
53.3 -2.3 1.4 5.6 - - 
Turclossie moss 
(Farmer et al., 
2009) 
 
57.6 -2.2 - 23.2 33 44 
Carsegowan moss 54.9 -4.5 - 31.7 54 67 
Red moss of 
Balerno 
55.9 -3.3 - - 46 62 
Flanders moss 56.2 -4.2 - 15.0 44 48 
Letterfrack (Coggins et al., 
2006) 
53.6 -9.9 - - 41 61 
Knockroe 53.8 -9.0 - 2.2 19 35 
raeburn flow (Küttner et al., 2014) 55.0 -3.0 - 7.9 20 29 
Myrarnar (Shotyk et al., 2005) 62.2 -7.1 0.9 4.4 20 20 
Mullincrick (Scott and 
Aherne, 2013) 
55.0 -8.2 - 18.0 40 60 
Sgilloge 52.4 -7.9 - 10.0 35 50 
Dumme Mosse (Bindler et al., 
2004) 
57.5 14.0 0.6 3.0 17 24 
Store Mosse 57.3 13.9 1.0 8.0 17 27 
Gjerstad 
(Steinnes and 
Sjobakk, 2005) 
58.9 8.8 - - 9 9 
Gyland 58.4 6.6 0.3 0.3 10 10 
Fure 61.3 5.5 0.7 0.7 5 5 
Namsos 64.5 11.1 0.2 0.2 4 4 
Nordli 64.5 13.7 0.2 0.2 2 2 
Andoya 69.2 15.7 0.5 0.5 11 11 
Novodoskome (Zuna et al., 50.6 13.3 - 17.0 58 106 
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Bila Smeda 2012) 50.8 15.2 - 17.0 47 69 
Jeleni slat' 49.0 13.6 - 30.0 31 40 
Brdy Hills (Ettler et al., 2008) 49.7 13.9 - 47.5 106 128 
Rödmossamyran (Hansson et al., 2014) 63.8 20.3 - 7.0 13 22 
Overbygd 
(Jensen and 
Jensen, 1991) 
68.8 23.0 - 9.2 11 32 
Vindeln 63.9 19.7 - 5.4 8 8 
Karvatn 61.5 7.5 - 3.6 4 6 
Birkenes 58.4 8.2 - 8.3 10 10 
Rorvik 57.5 12.7 - - 16 16 
Aspverten 58.8 17.4 - 11.1 9 9 
Tasiusaq (Shotyk et al., 
2003) 
61.1 -45.6 1.0 - - 140 
Storelung Mose 55.3 10.3 - - - 170 
Spruce bog 
(Givelet et al., 
2003) 
45.6 -78.4 - 3.0 15 25 
Luther bog 43.9 -80.4 1.4 8.0 23 42 
Sifton bog 43.0 -81.7 - 4.0 30 70 
Caribou bog 
(Roos-
Barraclough et 
al., 2006) 
45.0 -68.8 1.7 2.0 12 16 
Big Heath (Norton et al., 1997) 44.3 -68.3 - 22.5 35 69 
Arlberg bog (Benoit et al., 1998) 46.9 -92.7 - 8.0 27 38 
Inuvik (Outridge and Sanei, 2010) 68.3 -133.4 0.8 - - - 
Bracebridge Inlet (Givelet et al., 
2004) 
75.7 -99.3 1 - - - 
Museum Station 75.8 -98.3 1.2 - - - 
Sask4 (Outridge et al., 2011) 54.5 -101.8 - 7 29 70 
Xiaoxing’an (Tang et al., 2012) 47.5 129.5 2.2 5.7 50 100 
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1. Understanding peat Hg stable isotopes 
During the past three decades scientific research on heavy metals and Pb isotopes in peat 
archives has elegantly illustrated the extent of global heavy metal pollution. Changes in Pb 
isotope signatures with time have documented the rise and fall of civilizations, as well as the 
success of late 20th century environmental policy with the ban on leaded gasoline. In the 
present era of non-traditional stable isotope research, similar success stories are expected for 
studies on Hg isotopes (and others) in environmental archives. In this study we have decided 
not to embark on a direct interpretation of downcore Hg isotope variations in a context of Hg 
emission and deposition sources. Rather, we have first tried to understand what Hg isotope 
signatures in peat represent, i.e. what type of deposition; what influence of sphagnum 
ecology. Once we understand these aspects, one can attempt to translate the story embedded 
in Hg isotope signatures in peat in terms of global change, be it natural or anthropogenic. 
 The seven stable isotopes of Hg can fractionate depending on their mass (MDF) 
during all incomplete Hg transformations, modifying their isotope signatures (δ202Hg). 
Additionally, photochemical reactions can lead to mass-independent fractionation (MIF) of 
odd Hg isotopes (Bergquist and Blum, 2007; Zheng and Hintelmann, 2009; Zheng and 
Hintelmann, 2010), producing anomalies in Hg isotope signatures (Δ199Hg and Δ201Hg). Even 
Hg isotopes can also fractionate independently on their mass during oxidation of gaseous 
elemental Hg (GEM) in the tropopause region (Chen et al., 2012; Enrico et al., under revision) 
(Chapter 1), generating anomalies in even Hg isotopes (Δ200Hg and Δ204Hg). Three distinct 
Hg isotope signatures can therefore be used to better address sources of Hg and processes 
affecting Hg. These three Hg stable isotope signatures were found to be useful for identifying 
Hg deposition mechanisms, because of significant differences in both Δ199Hg and Δ200Hg 
between wet deposition (both positive) and GEM (negative Δ199Hg, close to zero Δ200Hg). We 
thus find that peat integrates Hg from both Hg wet deposition and GEM dry deposition, the 
latter dominating in most cases (Chapters 1 and 2).  
The European trend in historical Hg deposition has shown increasing HgARs until the 
second part of the 20
th
 Century, with a period of maximum HgAR in 1945 – 1990 (Chapter 4). 
A decrease afterwards is possibly related to decreasing industrial Hg emissions and better 
controls on Hg removal during industrial processes. Mercury stable isotope signatures are 
 Conclusions and outlook 
 
204 
 
expected to be efficient tracers for past Hg deposition in peatlands. It can however be affected 
by different factors, which have to be considered before attempting any reconstruction. 
 
1.1. GEM dry deposition 
Net GEM dry deposition to vegetation is known to be a balance between deposition and 
reemission (Zhang et al., 2009). Dry deposition was shown to be accompanied by a large 
fractionation factor ε202Hg of -2.5 to -2.9 ‰ (Demers et al., 2013; Enrico et al., under 
revision) (Chapter 2). Mercury isotope fractionation during GEM dry deposition follows a 
Raleigh fractionation law. While this fractionation factor induces enrichment in light Hg 
isotopes in vegetation, it is also reflected in ambient GEM which displays relatively high 
δ202Hg over forests (Demers et al., 2013; Enrico et al., under revision) compared to the free 
tropospheric background. On a global scale, forests could therefore be responsible for the 
enrichment of GEM in heavy Hg isotopes (Fu et al., 2014; Gratz et al., 2010) compared to Hg 
emitted by both natural and anthropogenic sources (Sun et al., 2014; Zambardi et al., 2009). 
 In peat, the persistently negative δ202Hg observed results mostly from this large MDF 
associated with foliar uptake of GEM (Figure 1). No MIF of Hg isotopes is expected during 
GEM dry deposition, as it does not directly involve photochemistry. Both Δ199Hg and Δ200Hg 
are therefore unaffected during GEM dry deposition.  
 
1.2. Binary mixing between Hg wet deposition and GEM dry deposition 
Peatlands record Hg from both GEM dry deposition and Hg wet deposition (Chapters 1 and 
2). The influence of GOM and PBM dry deposition may contribute significantly in some 
cases (Chapter 3). The respective contributions of each deposition pathway are however site-
specific. These contributions can be estimated using peat Δ200Hg. Even Hg isotope MIF 
signatures are unaffected by any known Hg transformation at the Earth’s surface. In the 
environment, significant positive Δ200Hg was observed only in precipitation (Chen et al., 
2012; Demers et al., 2013; Gratz et al., 2010) and atmospheric oxidized Hg species (gaseous 
oxidized Hg + particulate-bound Hg) (Enrico et al., under revision), confirming that it occurs 
during GEM oxidation at high elevation (Chen et al., 2012). In a peatland ecosystem, we 
assume Δ200Hg to be conservative, and use it to estimate the contribution of Hg wet 
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deposition and GEM dry deposition to Hg accumulated in peat (Figure 1). Contrary to the 
general idea that Hg wet deposition drives Hg accumulation in peat, we find that GEM dry 
deposition is four times larger. Applying a Δ200Hg mass balance to different peatlands from 
the Northern Hemisphere also shows that the ratio between Hg wet deposition and GEM dry 
deposition differed from one site to another.   
 
 
Figure 1. Conceptual view of processes affecting sphagnum and peat Hg isotope composition, 
with δ202Hg shown against (A) Δ199Hg and (B) Δ200Hg. GEM dry deposition, presumably by 
foliar uptake (green arrow), enriches sphagnum leaves in the lighter Hg isotopes. Sphagnum 
also collects Hg wet deposition which has contrasting MIF compared to GEM. Living 
sphagnum and accumulated peat therefore tend to fall on a binary mixing line between Hg 
wet deposition and GEM dry deposition. Photoreduction of sphagnum Hg causes Hg isotope 
fractionation in both δ202Hg and Δ199Hg, but does not affect Δ200Hg. 
 
A review of Hg accumulation in environmental archives pointed out large 
discrepancies between HgARs inferred by peat records and monitored Hg wet deposition 
(Biester et al., 2007). It was suggested that 
210
Pb mobility in the superficial peat layers could 
lead to an overestimation of modern HgARs (Biester et al., 2007; Hansson et al., 2014). 
Another proposed explanation involved a large contribution of Hg dry deposition. Since then, 
this hypothesis has never been tested. During this thesis, Hg stable isotopes provided robust 
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evidences that GEM dry deposition is a major transfer pathway from the atmosphere to 
peatlands (Chapters 1 and 2). Although 
210
Pb issues need to be elucidated in details, our 
approach based on Hg stable isotopes argue for a major contribution from GEM uptake by 
vegetation rather than an overestimation of HgARs. 
 
1.3. Sphagnum Hg photochemistry 
Odd and even Hg isotope MIF is not expected during GEM dry deposition or Hg wet 
deposition. However, post-depositional photochemistry can affect Δ199Hg signatures 
(Figure 1). Reemission of Hg from vegetation is suspected to produce slightly more negative 
Δ199Hg in Hg remaining in leaves (Demers et al., 2013) (Chapter 1), similar to photoreduction 
of Hg from snow or in the presence of S-ligands (Zheng and Hintelmann, 2010). The effect of 
in-sphagnum MIF is however low (on the order of 0.1 ‰ in Δ199Hg), and probably does not 
have a significant influence on peat Δ199Hg variations. 
 
2. Variations in peat HgAR and Hg isotope composition 
Mercury stable isotopes in peat cores can be useful to reconstruct past atmospheric Hg 
dynamics. Peat Hg isotopes permit the reconstruction of both past Hg wet deposition and Hg 
dry deposition, as well as past GEM concentrations. Several factors related to the processes 
listed above might however complicate the use of peat as archives of past Hg deposition, and 
have to be considered before discussing changes in peat Hg isotope composition due to 
different Hg emission sources.  
 
2.1.Ecological changes 
Peatland surface vegetation type and growth rate can vary with climatic changes or 
anthropogenic disturbances. In the Pinet peat bog in the French Pyrenees, such ecological 
change was identified. The peat bog was exploited during the 1970’s, which subsequently 
impacted peat hydrology and peat surface vegetation. Pine trees developed so that the peat 
bog is now partially forested. The exploitation seems to have increased sphagnum growth 
rates as well. This in turn modified the gaseous exchange between sphagnum leaves and the 
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atmosphere, causing more efficient GEM sequestration. The respective contributions of Hg 
wet deposition and GEM dry deposition are therefore not only subject to variations from one 
peatland to another, but can also vary with time.  
 This ecological disturbance observed at the Pinet peat bog caused a large increase in 
total Hg deposition. This suggests that peat surface vegetation controls Hg accumulation in 
peat. Peat surface vegetation varies with time in relation with climate. This likely affects 
GEM dry deposition as well, and Holocene HgARs are therefore suspected to be influenced 
by natural vegetation changes. This effect can probably induce spatial variability in HgAR 
within a peatland. Multiple cores based studies have shown moderate to large intra-site 
variability in Hg accumulation (Allan et al., 2013; Bindler et al., 2004; Martínez Cortizas et 
al., 2012). Vegetation type and productivity is not homogeneous in a peatland, which could 
imply different GEM sequestration efficiencies.   
 We found that HgARs and Hg isotope composition are unaffected by peat 
decomposition, arguing against significant Hg losses during peat diagenesis previously 
hypothesized (Biester et al., 2007; Biester et al., 2003). Because peat decomposition results in 
mass loss, it has however an influence on peat Hg concentrations, but not on HgAR.  
 
2.2.Atmospheric records 
When complications due to peat surface vegetation changes are discarded, the remaining 
variations in peat Hg isotope composition can be considered as real variations in past 
atmospheric Hg isotope composition. Temporal variations in peat Hg isotope composition 
related to anthropogenic emissions were observed during industrialization and possibly even 
earlier. The most intuitive impact of Humans on the global Hg cycling is industrial Hg 
emissions, which clearly affected atmospheric Hg cycling (Chapter 3). The influence of 
industrialization on peat Hg records is an increase in HgAR and shifts in both δ202Hg and 
Δ199Hg. A pre-industrial change in atmospheric Hg isotope signatures was speculated to 
reflect regional or continental scale deforestation. This would have caused a change in the 
magnitude of the regional GEM foliage sink, and could have induced 1. an increase in 
regional GEM concentration, and 2. lower GEM δ202Hg because of less pronounced foliar 
uptake of GEM. 
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 Past GEM concentrations reconstructed from Pyrenean peatlands are in good 
agreement with a previous reconstruction based on polar firn air (Fain et al., 2009). The 
application of Hg stable isotopes is very promising to investigate past GEM concentrations 
and isotope signatures during the Holocene. 
 
3. Outlook 
3.1. Mechanism of GEM dry deposition 
While no doubt persists about the importance of GEM dry deposition to vegetation, the 
mechanism behind is not clear yet. Identic mass-dependent fractionation factors were found 
for GEM uptake in the case of Aspen foliage (Demers et al., 2013) and sphagnum mosses 
(Chapter 1). These two plants are however different: in the case of vascular plants (Aspen), 
GEM can be assimilated by stomatal and non-stomatal pathways (Stamenkovic and Gustin, 
2009), while sphagnum mosses lack leaf stomata. Despite this physiological difference, we 
observe the same fractionation factor, suggesting that this characteristic large MDF is not 
affected by the gaseous exchange process.  
Early studies showed a dependence between enzymatic activity (catalase) and GEM 
uptake (Du and Fang, 1983). It was suggested that catalase has the ability to oxidize GEM 
(Magos et al., 1978; Ogata and Aikoh, 1983). Up to now, there is no existing experimental 
data on fractionation factors of Hg stable isotopes during oxidation of GEM.  
Photochemical reemission of Hg from Aspen and sphagnum generates slightly lower 
Δ199Hg (and Δ201Hg) in Hg remaining in foliage (Chapter 1). The direction of this MIF 
process is opposite to aqueous Hg photoreduction (Bergquist and Blum, 2007), but consistent 
with photoreduction of Hg bound to S-ligands. This could indicate that after oxidation, Hg in 
foliage is bound to S-ligands (Zheng and Hintelmann, 2010). This might indicate that Hg in 
sphagnum is bound S-ligands. All these hypotheses are speculative and would require further 
research for a full understanding. 
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3.2. Oxidation of GEM in the tropopause region 
As already mentioned, GEM oxidation in GOM and PBM species can lead to MIF of even Hg 
isotopes. This hypothesis derives from the significant Δ200Hg (and Δ204Hg) found in 
precipitation samples (Chen et al., 2012; Demers et al., 2013; Gratz et al., 2010; Wang et al., 
2015) (Chapter 1). In this thesis we presented Hg isotope composition of atmospheric 
GOM+PBM fraction sampled at the Pic du Midi observatory, which displays Δ200Hg (and 
Δ204Hg) similar to precipitation. This supports oxidation of GEM as the process generating 
even Hg isotope anomalies. The exact mechanism is however still unknown. 
Photochemically-initiated oxidation of GEM by halogen oxide radicals do not produce even 
Hg isotope MIF (Sherman et al., 2010).  
 Even Hg isotope MIF has never been produced experimentally. None the magnetic 
isotope effect neither the nuclear volume effect can be responsible for even Hg isotope 
anomalies. Large MIF of both odd and even Hg isotopes was found in compact fluorescent 
lamps (Mead et al., 2013), for which self-shielding was proposed as a potential mechanism.  
 A latitudinal trend was observed in precipitation Δ200Hg in the Northern hemisphere, 
with higher anomalies found at higher latitude (Wang et al., 2015). This trend was discussed 
as a dilution effect at lower latitudes, where industrial emissions with no Δ200Hg anomaly are 
more important. Further research is needed to better understand these unusual anomalies, 
which could be then used as tracers of high elevation oxidation and wet deposition. 
 
3.3. Holocene peat records of past atmospheric Hg dynamics 
This study mainly focused on the understanding of Hg deposition processes to peatlands 
(Chapters 1 and 2), and temporal variability in peat Hg isotope composition for the last few 
centuries (Chapter 3). Variations in Holocene peat Hg isotope composition were beyond the 
scope of this dissertation document. The Pinet peat bog extends back to 10,000 years BP. 
Profiles of peat Hg concentration and Hg isotope composition are presented in Figure 2. Up to 
now, the Pinet peat bog is the oldest peat record where Hg isotopes were investigated (Figure 
2). 
 Variations in HgARs in a 14,500 years-old peat bog from Switzerland were discussed 
as Holocene volcanic eruptions chronologies (Roos-Barraclough et al., 2002). Similarly, the 
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Pinet peat cores display several pronounced Holocene peaks in Hg concentration and HgAR. 
These peaks are however not associated with distinct Hg isotope signatures. Volcanic Hg 
emissions have no significant Δ199Hg (Zambardi et al., 2009). A large volcanic eruption 
capable of modifying the global atmospheric Hg budget for several years should therefore 
have caused an increase of Δ199Hg towards zero. Additionally, such volcanic Hg emissions 
have to be large enough to disturb Hg cycling for long periods to be detected in peat samples, 
as every sample from the Pinet peat bog (1 cm – thickness) represent about 20 years of peat 
accumulation. We suggest that peat surface vegetation changes are more susceptible to cause 
variations in past HgARs and Hg isotope composition. Profiles of Zn concentration and 
arborescent pollens show variations at periods consistent with Hg isotope changes (Figure 2). 
Both can reflect changes in vegetation, but are not unequivocal. The N/C ratio is commonly 
used as a proxy for peat decomposition (Biester et al., 2003). However, a change in peat 
surface vegetation can also result in variations of the N/C ratio (Schellekens et al., 2015). 
Investigation of Hg and Hg isotopes in long-term archives could be beneficial for our 
understanding of present and future Hg cycling. The importance of global vegetation cover, 
solar radiation, temperature, and other potential natural factors could be better constrained. 
Vandal et al. (1993) investigated past Hg deposition to a glacial record back to 34,000 years. 
Lower Hg deposition was found during the Early Holocene compared to the last glacial 
maximum. The warming temperatures accompanying the transition between the last ice age 
and the Holocene led to the development of forests, increasing global carbon storage (Adams 
and Faure, 1998). This possibly also contributed to decrease the atmospheric Hg 
concentration by foliar uptake. The lower GEM concentrations would have ultimately led to 
the lower Hg wet deposition recorded in ice cores.  
The importance of vegetation cover in the global Hg cycle needs to be evaluated. The 
establishment of agriculture in the mid-Holocene, and intense deforestation during the Middle 
Ages (Kaplan et al., 2009) possibly affected Hg deposition. Research on the influence of such 
events in the past could be of help to anticipate future changes in a context of intense 
deforestation (Meyfroidt and Lambin, 2011). 
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Figure 2. Holocene variations in Hg concentration, δ202Hg, Δ199Hg Zn concentration, 
arborescent pollen (AP) percentage and N/C ratio in peat cores from the Pinet peat bog. 
Blue, green and red circles stand for cores A, B and C respectively. The pollen diagram was 
taken from Reille and Lowe (1993). 
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1. Compréhension des signatures isotopiques en Hg dans la tourbe 
Durant les trois dernières décennies, la recherche scientifique sur les métaux lourds et 
l’isotopie du Pb dans des archives de tourbe ont bien illustré l’ampleur de la pollution globale 
en métaux lourds. Des variations historiques en isotopie du Pb ont permis de montrer 
l’ascension et la chute de certaines civilisations, et ont démontré le succès de l’interdiction de 
l’essence plombée à la fin du 20ème siècle. Aujourd’hui, avec le développement de la 
recherche sur les isotopes stable non traditionnels, on espère une réussite similaire pour 
l’utilisation des isotopes du Hg (entre autres) dans des archives environnementales. Dans cette 
étude, on a décidé de ne pas se lancer directement dans des interprétations temporelles sur 
l’évolution des signatures isotopiques en termes de sources d’émissions et de dépôts. On s’est 
d’abord tourné vers une compréhension des mécanismes de dépôt de Hg et des facteurs 
pouvant les influencer. Ensuite, nous voulions étudier l’influence de processus après dépôt, et 
en particulier la réémission photochimique de Hg. Une fois ces aspects étudiés, il est possible 
de reconstruire les variations historiques de composition isotopiques de la tourbe en termes de 
changements globaux d’origine naturelle ou anthropique. 
 Les isotopes stables du Hg peuvent être redistribués en fonction de leur masse 
(fractionnement dépendant de la masse, MDF) lors de toute réaction incomplète du Hg, 
modifiant ainsi les signatures isotopiques (δ202Hg). De plus, des réactions photochimiques 
sont susceptibles de causer du fractionnement indépendant de la masse (MIF) des isotopes 
impairs du Hg (Bergquist and Blum, 2007; Zheng and Hintelmann, 2009; Zheng and 
Hintelmann, 2010), générant des anomalies dans les signatures isotopiques du Hg (Δ199Hg 
and Δ201Hg). Les isotopes pairs peuvent également subir du MIF lors de l’oxydation du Hg 
élémentaire gazeux au niveau de la tropopause (Chen et al., 2012; Enrico et al., under 
revision) (Chapitre 1), générant des anomalies en isotopes pairs (Δ200Hg and Δ204Hg). 
L’isotopie du Hg nous apporte donc trois informations distinctes qui permettent une meilleure 
identification des sources et processus affectant le Hg. Elles ont notamment permis 
d’identifier les mécanismes de dépôt de Hg sur une tourbière, en raison de différences 
significatives en Δ199Hg et Δ200Hg entre les dépôts humides et le GEM. Il en ressort donc que 
les tourbières intègrent le Hg par dépôts humides de Hg et dépôts secs de GEM par 
assimilation par les plantes, ce dernier dominant le plus souvent (Chapitres 1 et 2). 
 Conclusions et perspectives 
 
216 
 
L’évolution historique des dépôts de Hg a montré une augmentation des HgARs 
jusqu’à la seconde moitié du 20ème siècle, avec une période de dépôts maximum entre 1945 et 
1990 (chapitre 4). Une diminution des HgARs plus récemment pourrait être liée à la 
diminution des émissions industrielles de Hg et à une meilleure efficacité dans l’élimination 
du Hg lors des processus industriels. Les isotopes du Hg sont potentiellement de bons traceurs 
des dépôts historiques de Hg sur les tourbières. L’isotopie du Hg dans la tourbe peut 
cependant être affectée par différents facteurs, qui doivent être considérés avant de tenter 
toute reconstruction. 
 
1.1. Dépôts secs de GEM 
Les dépôts nets de GEM sont un équilibre entre les dépôts et les réémissions de Hg (Zhang et 
al., 2009). Il a été montré que les dépôts secs de GEM s’accompagnent d’un fort facteur de 
fractionnement ε202Hg de -2.5 à -2.9 ‰ (Demers et al., 2013; Enrico et al., under revision) 
(Chapitre 1). Ce fractionnement lors du dépôt sec de GEM semble suivre un modèle Rayleigh. 
Il cause des δ202Hg très négatifs dans le Hg présent dans les feuilles des végétaux. Par bilan de 
masse, il est aussi responsable de l’augmentation du δ202Hg du GEM ambient dans les forêts 
(Demers et al., 2013; Enrico et al., under revision) comparé à d’autres environnements 
continentaux. A une échelle globale, les forêts pourraient être à l’origine de l’enrichissement 
du GEM en isotopes lourds du Hg (Fu et al., 2014; Gratz et al., 2010)  comparé aux émissions 
d’origines naturelles et anthropiques (Sun et al., 2014; Zambardi et al., 2009). 
 Dans la tourbe, le δ202Hg systématiquement observé est en grande partie dû à ce fort 
facteur de MDF associé à l’assimilation du GEM par la végétation de surface (Figure 1). 
Aucun MIF n’est associé à ce transfert de Hg puisqu’il n’implique pas de réaction 
photochimique. Les signatures en Δ199Hg et Δ200Hg sont donc conserves lors des dépôts secs 
de GEM. 
 
1.2. Mélange entre dépôts secs de GEM et dépôts humides de Hg 
Les tourbières intègrent à la fois les dépôts secs de GEM et les dépôts humides de Hg 
(chapitres 1 et 2). L’influence des dépôts de GOM et PBM pourraient également avoir une 
influence dans certain cas (chapitre 3). La contribution de chaque mécanisme de dépôt de Hg 
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dépend du site d’étude, et peuvent être estimées à l’aide des signatures en Δ200Hg. Les 
anomalies en isotopes pairs du Hg ne sont affectées par aucun mécanisme connu à la surface 
de la Terre. Dans l’environnement, des anomalies significatives en Δ200Hg ont été observées 
seulement dans les précipitations (Chen et al., 2012; Demers et al., 2013; Gratz et al., 2010) et 
dans les espèces atmosphériques de Hg oxydées (GOM et PBM) (Enrico et al., under 
revision), ce qui confirme qu’elles trouvent leur origine pendant l’oxydation du GEM à haute 
altitude (Chen et al., 2012). Dans un écosystème tel qu’une tourbière, on peut donc admettre 
que le Δ200Hg est conservatif. Ces anomalies peuvent donc être utilisées pour estimer les 
contributions des dépôts humides de Hg et des dépôts secs de GEM au Hg accumulé dans la 
tourbe. Contrairement à l’idée générale que les dépôts humides de Hg sont responsables de 
l’accumulation de hg dans la tourbe, un bilan de masse basé sur les signatures en Δ200Hg 
indique que les dépôts secs de GEM sont quatre fois plus important sur la tourbière du Pinet 
(Pyrénées). L’application d’un tel bilan de masse à différentes tourbières de l’Hémisphère 
Nord indique que ce ratio entre les dépôts secs et humide varie d’une tourbière à l’autre. 
 
Figure 1. Vue conceptuelle des processus affectant la composition isotopique en Hg des 
sphaignes et de la tourbe, avec δ202Hg montré avec (A) Δ199Hg et (B) Δ200Hg. Les dépôts secs 
de GEM, par assimilation par les feuilles (flèche verte) enrichit les feuilles de sphaigne en 
isotopes légers de Hg. Les sphaignes collectent aussi des dépôts humides qui a des signatures 
en MIF différentes comparées au GEM. Les sphaignes et la tourbe accumulée ont donc des 
signatures isotopiques en Hg reflétant ce mélange binaire (flèche grise). La photoréduction 
du Hg présent dans les feuilles de sphaigne cause un fractionnement affectant δ202Hg et 
Δ199Hg, mais pas Δ200Hg. 
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 Une revue des études sur l’accumulation de Hg par les tourbières a mis en évidence de 
grandes différences entre les HgARs reconstruits à l’aide de tourbières et les dépôts humides 
de Hg mesurés (Biester et al., 2007). Il avait été suggéré que l’infiltration du 210Pb dans les 
premiers centimètres de la colonne de tourbe pouvait mener à une surestimation des HgARs 
(Biester et al., 2007; Hansson et al., 2014). Une autre possibilité avancée impliquait une forte 
contribution des dépôts secs de Hg. Cette hypothèse n’avait jusqu’alors pas été testée. Durant 
cette thèse, l’isotopie du Hg a fourni des preuves robustes que les dépôts secs de Hg 
contribuent significativement aux HgARs reconstruits. Bien que des incertitudes liées à la 
datation au 
210Pb méritent d’être étudiées plus en détail, l’approche basée sur l’isotopie du Hg 
indique une contribution majeure des dépôts secs de GEM par assimilation par les plantes 
plutôt qu’une surestimation des HgARs. 
 
1.3. Réémissions de Hg par photoréduction du Hg des sphaignes 
Comme précédemment expliqué, l’assimilation de GEM par les sphaignes n’est probablement 
pas accompagnée de MIF. En revanche, de la photochimie après le dépôt de Hg peut affecter 
les signatures en δ202Hg et Δ199Hg (Figure 1). La réémission de Hg par photochimie sur la 
végétation est suspectée de produire des Δ199Hg plus négatifs dans les feuilles (Demers et al., 
2013) (Chapitre 1), comme pour la photoréduction du Hg de la neige ou en présence de 
ligands soufré en solution (Zheng and Hintelmann, 2010). L’effet de la photoréduction du Hg 
sur les sphaignes est en revanche limité (de l’ordre de 0,1 ‰), et n’a probablement que peu 
d’influence sur les variations en Δ199Hg de la tourbe. 
 
2. Variations in peat HgAR and Hg isotope composition 
Les compositions en isotopes stables du Hg de la tourbe sont utiles pour reconstruire les 
dynamiques atmosphériques du Hg. Elles permettent de reconstruire les dépôts humides et 
secs de Hg, ainsi que les concentrations en GEM historiques. Plusieurs facteurs liés  aux 
processus énumérés ci-dessus peuvent cependant compliquer l’utilisation de tourbières 
comme archives de dépôts de Hg, et doivent être pris en compte avant de discuter tout 
changement dans les compositions en isotopes stables du Hg de la tourbe en termes de sources 
d’émission. 
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2.1. Changements écologiques 
Le type de végétation présente à la surface des tourbières ainsi que leur croissance peut varier 
suite à des changements climatiques ou des perturbations liées à l’activité humaine. Un tel 
changement a été observé sur la tourbière du Pinet. La tourbière a été exploitée dans les 
années 1970, ce qui a impacté l’hydrologie et donc la végétation de surface. Des pins se sont 
développés, et la tourbière est aujourd’hui partiellement forestière. L’exploitation semble 
avoir également augmenté la vitesse de croissance des sphaignes. Ceci a eu pour conséquence 
une modification dans la dynamique des échanges gazeux entre la végétation de surface et 
l’atmosphère, causant une assimilation de GEM plus efficace. Les contributions des dépôts 
secs de GEM et des dépôts humides ne sont donc pas juste susceptibles de varier d’un site à 
l’autre, mais pourraient également subir des variations temporelles. 
 Cette perturbation à la surface de la tourbière du Pinet a eu pour effet d’augmenter les 
HgARs après 1970, ce qui montre bien le contrôle qu’a la végétation de surface sur les 
HgARs. La végétation est susceptible de varier en relation avec le climat, et donc les dépôts 
secs de GEM pourraient indirectement être affectés. Les variations de végétation à la surface 
de la tourbière pendant l’Holocène pourraient ainsi avoir contribué aux variations de HgARs 
observées. 
 On a montré que les HgARs et les compositions isotopiques en Hg ne sont pas 
affectées par la décomposition de la tourbe, ce qui contredit une étude spéculant sur des pertes 
de Hg lors de la décomposition (Biester et al., 2007). En revanche, la décomposition cause des 
réémissions de CO2 et donc une perte de masse, donc les concentrations en Hg dans la tourbe 
dépendent en partie de la décomposition, mais pas les HgARs. 
 
2.2. Archives atmosphériques 
Lorsque les influences potentielles dues à des variations de végétation à la surface de la 
tourbière sont écartées, les variations restantes peuvent être considérées comme reflétant des 
variations réelles de composition isotopique en Hg atmosphérique. Des variations temporelles 
en compositions isotopiques en Hg de la tourbe liées à des activités humaines ont été 
observées pendant l’industrialisation et peut-être même antérieurement. L’effet le plus intuitif 
qu’a eu les activités humaines sur le cycle global du Hg est l’introduction de nouvelles 
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sources de Hg, et donc une augmentation de la concentration en Hg dans l’atmosphère 
(chapitre 3). L’industrialisation s’est traduite dans les tourbières pyrénéennes par une 
augmentation des δ202Hg et Δ199Hg de la tourbe. Un changement pré-industriel a également 
été observé, avec des δ202Hg plus négatifs au Moyen-Age que lors de la période pré-
anthropique (10 000 à 4000 ans BP). On a émis l’hypothèse que ceci pourrait être dû à une 
modification de l’occupation des sols par le développement d’activités pastorales dans les 
Pyrénées et/ou en Europe. Ceci se serait traduit par une déforestation, ce qui aurait causé un 
changement majeur dans le cycle du Hg en donnant lieu à 1. une augmentation des 
concentrations régionales en GEM et 2. une diminution du δ202Hg du GEM en raison 
d’échanges plus limités avec la végétation. 
 Les concentrations en GEM reconstruites à l’aide des tourbières pyrénéennes se sont 
montrées en bon accord avec une reconstruction basée sur des mesures de GEM dans de l’air 
piégé dans des névés polaires (Fain et al., 2009). L’application des isotopes stables du Hg 
dans les tourbières est prometteuse pour étudier les concentrations en GEM et la composition 
isotopique du Hg atmosphérique pendant l’Holocène. 
 
3. Perspectives 
3.1. Mécanismes de dépôt de GEM 
Bien que l’importance des dépôts secs de GEM sur la végétation ne fasse plus de doute, le 
mécanisme de dépôt n’est pas clair. Des facteurs de fractionnement identiques ont été trouvés 
dans le cas de feuilles de peupliers (Demers et al., 2013) et de sphaignes (Chapitre 1). Ces 
deux plantes sont pourtant très différentes. Dans le cas des plantes vasculaires comme le 
peuplier, le GEM peut être assimilé par voie stomatale ou non (Stamenkovic and Gustin, 
2009). Les sphaignes quant à elles ne possèdent pas de stomates sur leurs feuilles pour réguler 
les échanges gazeux. En dépit de cette différence physiologique, les facteurs de 
fractionnement sont comparables, ce qui suggère que ce fort fractionnement n’est pas dû au 
processus d’échange. 
 Une étude dans les années 80 a montré une dépendance de l’assimilation de GEM et 
de l’activité d’une enzyme, la catalase (Du and Fang, 1983). L’hypothèse émise était que la 
catalase avait la capacité d’oxyder le GEM (Magos et al., 1978; Ogata and Aikoh, 1983). 
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Jusque-là, il n’existe aucune donnée expérimentale du fractionnement isotopique lors de 
l’oxydation du GEM, qui pourrait pourtant être à l’origine du fractionnement de -2,5 ‰ 
observé entre les feuilles et le GEM ambient. 
 La réémission de Hg des feuilles vers l’atmosphère semble générer un fractionnement 
indépendant de la masse, avec des signatures en Δ199Hg (et Δ201Hg) plus faible dans la 
fraction restante dans les feuilles (Chapitre 1). La direction de ce MIF est inverse à la 
photoréduction en milieu aqueux habituellement observée (Bergquist and Blum, 2007), mais 
semble en bon accord avec le MIF lors de la photoréduction du Hg en présence de ligands 
soufrés (Zheng and Hintelmann, 2010). Ceci pourrait indiquer que le Hg, après oxydation 
dans la feuille par l’activité d’enzyme, pourrait être lié à des ligands soufrés. Ces hypothèses 
restent cependant spéculatives et nécessitent des études plus approfondies. 
 
3.2.Oxydation du GEM dans la haute atmosphère 
Comme déjà mentionné, l’oxydation du GEM en GOM et PBM peut provoquer du MIF des 
isotopes pairs du Hg dans la haute atmosphère. Cette hypothèse vient du fait que des 
anomalies significatives en Δ200Hg (et Δ204Hg) sont communément retrouvées dans les 
précipitations (Chen et al., 2012; Demers et al., 2013; Gratz et al., 2010; Wang et al., 2015) 
(Chapitre 1). Lors de cette thèse, des échantillons de Hg oxydé atmosphérique (GOM+PBM) 
prélevés à l’observatoire du Pic du Midi ont été analysés et ont montré des anomalies 
comparables aux précipitations (Chapitre 1). Ceci renforce l’hypothèse de l’oxydation du 
GEM comme processus à l’origine du MIF des isotopes pairs du Hg. Le processus exact reste 
en revanche incertain. 
 Le MIF des isotopes pairs n’a jamais été mis en évidence expérimentalement. Ni 
l’effet magnétique ni le volume nucléaire ne peuvent a priori en être à l’origine. De grandes 
anomalies en isotopes pairs et impairs ont été trouvées dans des ampoules fluorescentes où 
l’oxydation est intense (Mead et al., 2013). Le « self shielding » avait été proposé comme 
processus, comme dans le cas du MIF des isotopes de l’oxygène.  
 Une tendance latitudinal a été mise en évidence pour les signatures en Δ200Hg des 
précipitations, avec les plus fortes anomalies trouvées à hautes latitudes (Wang et al., 2015). 
Cette tendance a été discutée comme un effet de dilution à plus basses latitudes, où les 
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émissions industrielles de Hg ne présentant pas d’anomalies Δ200Hg sont les plus importantes. 
Ces anomalies inhabituelles devraient faire l’objet de nouvelles études, et pourraient ensuite 
être utilisées comme traceurs de l’oxydation dans la haute atmosphère ou de dépôts humides.  
 
3.3.Les tourbières comme archives du Hg atmosphérique Holocène 
Cette étude a principalement porté sur la compréhension des mécanismes de dépôt de Hg sur 
les tourbières (chapitres 1 et 2) et sur les variations temporelles en compositions isotopiques 
de la tourbe sur les derniers siècles (chapitre 3). Les variations des compositions isotopiques à 
plus grande échelle de temps (Holocène) n’étaient pas l’objet de cette dissertation. La 
tourbière du Pinet a pourtant enregistré les dépôts de Hg lors des 10 000 dernières années. Les 
profils de concentration en Hg de la tourbe, ainsi que des compositions isotopiques en Hg de 
la tourbe (δ202Hg et Δ199Hg) sont présentés en figure 2. Jusque-là, il s’agit de la reconstruction 
la plus ancienne de l’isotopie du Hg atmosphérique basée sur une tourbière. 
 Des variations de HgARs dans une tourbière Suisse sur les dernières 14 500 années 
avaient été discutées en tant qu’enregistrements de grandes éruptions volcanique Holocène 
(Roos-Barraclough et al., 2002). Comme pour cette tourbière, on trouve des pics de 
concentration en Hg. Ces pics ne sont pourtant pas associés à des signatures isotopiques en 
Hg distinctes. Les émissions volcaniques de Hg sont caractérisées par un Δ199Hg nul 
(Zambardi et al., 2009). Une éruption capable de modifier le budget atmosphérique du Hg 
pour plusieurs années devrait alors avoir causé une augmentation des Δ199Hg atmosphériques 
vers une valeur nulle, ce qui n’est pas observé dans notre profil. De plus, de telles émissions 
volcaniques doivent avoir été assez importantes pour avoir perturbé le cycle du Hg pendant 
des périodes relativement longues, puisque chaque échantillon de la tourbière du Pinet 
représente environ 20 ans de dépôts (1 cm = 20 ans). On suggère donc que les variations 
observées en concentration et isotopie en Hg sont plus susceptibles d’avoir été causées par des 
variations de la végétation de surface. Des profils de concentration en Zn et de types de 
pollens déposés montrent des variations à des périodes cohérentes avec l’isotopie du Hg 
(figure 2). Tous les deux peuvent refléter un changement de végétation, bien qu’ils puissent 
aussi s’agir d’augmentation des dépôts. Le rapport N/C est classiquement utilisé pour évaluer 
le taux de décomposition de la tourbe (Biester et al., 2003). Une modification de la végétation 
peut en revanche aussi causer des variations dans ce rapport (Schellekens et al., 2015).   
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L’étude du Hg et de son isotopie dans des archives à long terme pourraient améliorer 
notre connaissance du cycle du Hg présent et future. L’importance de la couverture végétale 
globale, de l’activité solaire, de la température et d’autres facteurs potentiels pourraient être 
mieux contraints. Vandal et al. (1993) ont étudié les dépôts de Hg à l’aide d’une carotte de 
glace sur les 34 000 dernières années en Antarctique. Des dépôts plus importants (d’un facteur 
3) ont été trouvés pour le dernier maximum glaciaire (LGM) comparé au début de l’Holocène. 
L’augmentation des température qui marque le début de l’Holocène a permis le 
développement de forêt, augmentant ainsi le stockage global de carbone (Adams and Faure, 
1998). De la même manière, il est possible que le développement de forêts ait contribué à 
diminuer la concentration globale en GEM par une assimilation plus importante. La 
diminution de la concentration en GEM aurait ensuite entrainé une diminution des dépôts 
humides de Hg, comme observé en Antarctique.  
L’importance de la couverture végétale globale dans le cycle global du Hg doit être 
évaluée. L’établissement de l’agriculture pendant l’Holocène, et la déforestation pendant le 
Moyen Age (Kaplan et al., 2009) a peut-être affecté les dépôts de Hg. Une étude de 
l’influence de ces événements dans le passé pourrait aider à anticiper des changements actuels 
et futurs dans un contexte de déforestation de masse (Meyfroidt and Lambin, 2011). 
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Figure 2. Variations Holocènes des concentrations en Hg de la tourbe, des signatures en 
δ202Hg et Δ199Hg, de la concentration en zinc de la tourbe, de la proportion de pollens 
arborescents (AP) et du rapport azote/carbon de la tourbe dans les carottes de la tourbière 
du Pinet. Les cercles bleus, verts et rouges correspondent aux carottes A, B et C 
respectivement. Le diagramme pollinique est tiré de Reille and Lowe (1993). 
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Abstract: We review the state of knowledge on global volcanogenic Hg emissions to the atmo-
sphere and present new data from seven active volcanoes (Poa´s, Rinco´n de la Vieja, Turrialba,
Aso, Mutnovsky, Gorely and Etna) and two geothermal fields (Las Pailas and Las Hornillas). The
variability of Hg contents (c. 4–125 ng m23) measured in gaseous emissions reflects the dynamic
nature of volcanic plumes, where the abundances of volatiles are determined by the physical nature
of degassing and variable air dilution. Based on our dataset and previous work, we propose that
an average Hg/SO2 plume mass ratio of c. 7.8 × 1026 (+1.5 × 1026; 1 SE, n ¼ 13) is best repre-
sentative of open-conduit quiescent degassing. Taking into account the uncertainty in global SO2
emissions, we infer a global volcanic Hg flux from persistent degassing of c. 76+ 30 t a21. Our
data are derived from active volcanoes during non-eruptive periods and we do not have any
direct constraint on the Hg flux during periods of elevated SO2 flux associated with large-scale
effusive or explosive eruptions. This suggests that the time-averaged Hg flux from these volca-
noes is even larger if the eruptive contribution is considered. Conversely, closed-conduit degassing
and geothermal emissions contribute modest amounts of Hg.
A significant amount of heavy metals is emitted
into the atmosphere from natural (volcanoes, soil,
seawater, etc.) and anthropogenic (industrial and
mining activities, fossil fuel combustion, etc.)
sources. Volatile emissions in passively or erup-
tive magmatic degassing volcanoes, fumaroles and
geothermal fields influence the composition of the
atmosphere and global climate, and impact the
biogeochemical cycles of a number of trace ele-
ments (e.g. Robock & Oppenheimer 2003; Wallace
2005). Knowledge of the contribution of volcanic
degassing systems and geothermal fields to the
global budgets of heavy metals in the Earth’s atmos-
phere is essential to evaluate the role that the volca-
noes play on the reservoir cycling of these elements
and the potential fates they could represent once
they reach the ecosystems. Volcanic emissions are
the major natural source of several trace metals
(e.g. As, Cd, Cu, Pb, Zn, Tl, Sb and Sn) to the atmos-
phere by contributing 20–40% of volatile elements
such as Bi, Pb, As or Sb and up to 40–50% of Cd
annually (Hinkley et al. 1999; Martı´nez 2008;
Mather et al. 2012; Henley & Berger 2013). How-
ever, current research on trace element emissions
from active volcanism shows that the magnitude
of some element fluxes is still highly uncertain.
This is the case for atmospheric mercury (Hg)
which is a key contaminant in biochemical pro-
cesses as well as in air, water and soils, for which
volcanism may be an important natural contributor
(Varekamp & Buseck 1986; Nriagu & Becker
2003; Pyle & Mather 2003; Bagnato et al. 2007,
2011; Martin et al. 2012). In volcanic plume gas-
eous elemental mercury (Hg0 or GEM) is the domi-
nant species (≥90%; Slemr et al. 1985; Schroeder &
Munthe 1998; Bagnato et al. 2007; von Glasgow
2010; Martin et al. 2011) with an atmospheric life-
time of c. 0.5–1 a (Lindqvist and Rodhe 1985;
Slemr et al. 1985; Lindberg et al. 2007; Aryia
et al. 2008), allowing it to be transported to great
distances from the source. The relative proportions
of gaseous Hg0(g) and Hg(II) species in volcanic
gas plumes, and the ratio of gaseous to particulate
Hg forms, have rarely been determined in a syste-
matic way (Bagnato et al. 2007; Witt et al. 2008a,
b). Once deposited in surface waters, Hg is assimi-
lated and processed by the biosphere that converts
the relatively inert inorganic Hg into toxic methyl-
ated forms which can bioaccumulate in the food
chain (Morel et al. 1998).
The current estimate of Hg emissions from
natural processes (primary mercury emissions+
re-emissions), is estimated to be 5207 t a21 which
represents nearly 70% of the global mercury
From: Zellmer, G. F., Edmonds, M. & Straub, S. M. (eds) The Role of Volatiles in the Genesis, Evolution and
Eruption of Arc Magmas. Geological Society, London, Special Publications, 410,
http://dx.doi.org/10.1144/SP410.2
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emission budget (Pirrone et al. 2010). Overall,
the relative contribution of terrestrial surfaces is
2429 t a21 (47% of the total natural emissions)
and that from surface waters is 2778 t a21 (53% of
the total natural emissions) (Pirrone et al. 2010).
Significant research has been published over the
last 10 years quantifying and demonstrating the
importance of emissions from volcanoes and Hg-
enriched substrates (.100 ppb Hg) (Friedli et al.
2003; Gustin 2003; Pyle & Mather 2003; Bagnato
et al. 2007, 2011; Gustin et al. 2008). Earlier and
more recent studies proposed that cataclysmic vol-
canic eruptions would have the potential to inject
volatile Hg into the stratosphere (Delmas et al.
1992; Langway et al. 1995; Robock & Free 1995;
Schuster et al. 2002) to change its global and
regional cycle for a few years. In contrast, quiescent
degassing and moderate eruptions exhale directly
into the troposphere and can have long-term
effects on local environments.
Regionally, a single persistently active volcano
may act as the most important local point source
(e.g. SO2 emissions from Etna volcano, Sicily, to
the Mediterranean and Western Europe; Simpson
et al. 1999; Bagnato et al. 2007). However impor-
tant, there are currently many difficulties in quanti-
fying the Hg flux from volcanic emissions due to
the spatial and temporal variability in the activity
from one volcano to another (Ferrara et al. 2000;
Bagnato et al. 2011), or from different emission
points on the volcano being studied (Dedeurwaerder
et al. 1982; Bagnato et al. 2007). Due to the logisti-
cal restrictions of acquiring measurements at volca-
noes (difficulty of access, limited power supply,
etc.), Hg measurements often only comprise few
data points. Two recent reviews narrow down pre-
vious estimates of volcanic Hg emission fluxes of
0.6–830 t a21 (Varekamp & Buseck 1986; Nriagu
& Pacyna 1988; Ferrara et al. 2000) to 90 t a21
and 700 t a21 (Pyle & Mather 2003; Pirrone et al.
2010). Volcanic Hg emissions may therefore rep-
resent c. 4–28% of natural primary emissions
(Pirrone et al. 2010).
The large variability of these estimates partly
reflects the complexity of the chemical and physi-
cal processes that Hg undergoes while interacting
with the atmosphere. Most of the Hg observa-
tions used in previous inventories are derived from
spot measurements taken from a few volcanoes,
and there is much concern over the different
methods in which different authors have attempted
to assess Hg fluxes. All of these limitations may
explain the large uncertainties in extrapolating
data to global Hg emissions. Finally, the knowl-
edge of Hg emissions from geothermal sources
is still poorly investigated; they are therefore
often considered as a negligible contributor to the
atmosphere.
The objective of this work is to extend and refine
the currently limited volcanic Hg dataset. We
present here new Hg data for seven active volcanoes
(Aso, Turrialba, Poa´s, Rinco´n de la Vieja, Etna,
Gorely and Mutnovsky) and two important geo-
thermal systems (Las Paillas and Las Hornillas,
Costa Rica). We evaluate previous work on volca-
nic Hg fluxes, and combine the new data with the
few relevant estimates of Hg fluxes from previ-
ous direct measurements on volcanic plumes to
develop a realistic assessment of time-averaged vol-
canic Hg fluxes. Conventional gold-trap sampling
and Lumexw/MultiGAS GPS-synchronized sur-
veys were carried out to obtain real-time measure-
ments of Hg and major volatiles in the fumes of
the investigated volcanoes. These measurements, the
first carried out at such locations, extend previous
combined Lumexw/MultiGAS surveys reported
elsewhere (Aiuppa et al. 2007; Witt et al. 2008a,
b; Bagnato et al. 2013), and aim at improving our
understanding of the magmatic systems and its
degassing budget.
Materials and methods
Study areas
Measurements were carried out on the crater rim of
seven quiescently degassing volcanoes and in two
active geothermal areas with various surface mani-
festations. The study sites that are reported on here
are located together with other locations discussed
in the text in Figure 1. Aso volcano, in the central
part of Kyushu Island (328 53′6.36′′N, 1318 5′
7.44′′), Japan is an active volcano with a c. 20 km
diameter caldera that has some post-caldera central
cones, including Mt Nakadake, where the current
activity is mainly concentrated. The crater contains
one of the hottest and most acidic volcanic lakes,
with water temperature in the range 40–80 8C and
acidity levels of pH 21 to +1 during calm periods
(Ohsawa et al. 2003, 2010; Terada & Sudo 2012).
Low-temperature gases are emitted from the lake
surface, and intense active high-temperature gas
emissions (approximately 800 8C) are produced by
fumaroles on the southern crater wall (Shinohara
et al. 2010, 2013).
Gorely, Russia (528 33′28.8′′N, 1588 1′48′′E) is a
Holocene caldera volcano, located at the northern
end of the southern segment of the eastern volcanic
belt of Kamchatka, c. 75 km SW of Petropavlovsk–
Kamchatsky. It is one of the most active volca-
noes in southern Kamchatka and currently contains
an acidic crater lake which often displays persis-
tent fumarolic activity with a steam plume up to
several kilometres high on occasion (Kamchatka
Volcanic Eruption Response Team, or KVERT).
At the time of our campaign (September 2011),
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vigorous jet-like degassing was taking place from a
hot open vent and hot fractures in the northern wall
of the crater.
Mutnovsky volcano (528 27′20.88′′N, 1588 11′
32.32′′) is located in the southern part of the
Eastern Volcanic Front of the Kamchatka Peninsula,
and has an associated hydrothermal system with
magmatic activity (Shishkina et al. 2010). There
are three individual groups of fumaroles in the
Mutnovsky crater which show stable activity for a
long period of time: the ‘Active Funnel’ (tempera-
tures exceed 600 8C); the ‘Bottom Field’ (from 100
to 150 8C); and the ‘Upper Field’ (up to 320 8C)
(Taran et al. 1992). Our investigation focused on
the degassing from the first two fumarolic groups.
Mt Etna is the largest volcano in Europe (NE
coast of Sicily, south of Italy; 378 45′18′′N, 148
59′42′′E) and one of the most active volcanoes in
the world. Its present-day activity consists of per-
sistent passive degassing of magmatic volatiles
mostly from the four open vents on the volcano’s
summit (North East, Voragine, Bocca Nuova and
South East) and diffuse soil emanations (Allard et al.
1991), occasionally interrupted by lava emissions
associated with paroxysmal terminal to lateral erup-
tions (Madonia et al. 2013; Allard et al. 2006).
Poa´s (108 12′0′′N, 848 12′0′′W) and Turrialba
(108 1′12.23′′N, 838 45′46.92′′W) volcanoes, Costa
Rica, lie on the Central America Volcanic Front
(Carr 1984; Carr et al. 2003). Turrialba is a strato-
volcano that has seen increased fumarolic activity
since 2002, with new fumarolic vents and fractures
opening in and outside of the West Crater area in
January 2010 and 2012, respectively. From 2007
onwards, after the hydrothermal stage which charac-
terized the fumarolic discharge since at least the
1980s until fall 2001 (e.g. Chemine´e et al. 1983;
Vaselli et al. 2010), both the composition and high
temperature (up to 800 8C) of the fumaroles indicate
that the gases are directly supplied from the magma
chamber with only limited interaction with the
hydrothermal system.
Poa´s is an andesitic-basaltic composite volcano
about 50 km from the capital San Jose´. Its upper
part consists of three distinct eruptive centres
roughly aligned NW–SE, including the Main
Crater in the middle that hosts a hyper-acidic
lake (Laguna Caliente, pH between 1.8 and c. 0)
(Martı´nez et al. 2000; Melia´n et al. 2007; Martı´nez
2008). The activity of the lake (Laguna Caliente)
is characterized by persistent fumarolic emissions
and a long history of sporadic phreatic eruptions,
especially since 2006 (Lopes 2005; Martı´nez 2008).
The Rinco´n de la Vieja volcanic complex (108
49′48′′N, 858 19′26′′W) is a composite andesitic
stratovolcano located in NW Costa Rica, c. 25 km
from Liberia in the province of Guanacaste and
25 km NW of the Miravalles volcano. It shows a
wide range of fluid manifestations (a hyper-acidic
crater lake, boiling- and mud-pools, thermal springs
and associated gas discharges) (Tassi et al. 2005).
The fluid vents located inside the Active Crater
are likely to represent the most appropriate sam-
pling sites for geochemical surveillance purposes;
however, access is fairly difficult due to the steep-
ness of the crater walls.
Las Hornillas and Las Pailas are two important
geothermal systems which are part of the Miravalles
Fig. 1. Locations of the studied volcanoes and geothermal systems for which we reported data on Hg emission rate
(black filled triangles), and for which literature data are summarized in Table 2 (black filled circles).
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and Rinco´n de la Vieja volcanic complexes, respect-
ively(GuanacasteGeothermalProvince,CostaRica).
Both show surface manifestations such as vapour
discharges from fumaroles and steam-heated pools.
Las Hornillas geothermal field is a high-tempera-
ture reservoir, located in the NW part of Costa
Rica in the Guanacaste Volcanic Range, c. 150 km
from the capital, San Jose´. Temperatures generally
range between 230 and 240 8C and gas discharges
are dominated by CO2 with minor amounts of H2S
and N2 (Gherardi et al. 2002). The Las Pailas is
a liquid-dominated two-phase reservoir with tem-
peratures of 220–255 8C (at a depth of about
600–700 m) (Castro 2002), located at the southern
flank of the volcano Rinco´n de la Vieja, Guanacaste
Volcanic Cordillera. The heat source is located in
the west part of the area and fluid flows are from
west to northeast. Fracture permeability enables
fluid and heat transport in this reservoir.
Major species in the plume
Major volcanogenic species (H2O, CO2 and SO2)
in volcanic plumes and fumaroles in tandem with
Hg quantities have been measured at some locations
(where logistics and weather conditions allowed) by
using the MultiGAS analyser, a portable instrument
previously described in Aiuppa et al. (2010, 2011).
The plume gases are actively pumped into the sam-
pler (using an air pump) at 1.2 L min21 through a
1 mm Teflon membrane particle filter and pumped
through a CO2 gas detector (Licor LI-840 NDIR
closed-path spectrometer; measurement range 0–
3000 ppm; accuracy +1.5%) (see Shinohara et al.
2008 for details) and a suite of electrochemical
sensors for SO2 (model 3ST/F City Tech. Ltd.,
calibration range 0–200 ppm), H2S (model EZ3H
City Tech. Ltd., calibration range 0–50 ppm) and
H2 (model EZT3HYT City Tech., calibration range
0–50 ppm) detection. A sensor for relative humid-
ity and T (model Galltec; 0–100%, 230 to 70 8C)
was used in order to measure water content in the
gaseous emissions. The sensors were housed in a
weatherproof box mounted on a backpack frame and
were calibrated, before and after fieldwork, with
standard calibration gases (200 ppm SO2, 50 ppm
H2S, 20 ppm H2 and 3014 ppm CO2) mixed with
ultrapure nitrogen to provide a range of desired con-
centrations (Aiuppa et al. 2011). The calibration
gases also enabled cross sensitivity of the H2S
sensor to SO2 to be evaluated. Signals from sensors
are simultaneously captured every 3 s by a data-
logger board, which also enables data storage. The
raw data are then processed by dedicated software
(RatioCalc, by Tamburello, pers. comm. 2013) that
allows a derivation of plume mass ratios of various
compounds (e.g. CO2/SO2, H2O/CO2, H2O/SO2).
Simultaneously, relative concentrations of S and
Cl were measured using the alkali-filter technique
(Aiuppa et al. 2005; Shinohara & Witter 2005),
where air was pumped at a known flow rate (from
4 to 6 L min21) through filter packs containing
three cellulose impregnated filters stacked in series
for c. 60–100 min. After exposure to the plume,
NaHCO3
2 impregnated filters were leached with
bi-distilled water and H2O2 for 2 hours in order
to extract SO4
22 and Cl2 (Aiuppa et al. 2005). The
leaching solution was then analysed for SO4
22 and
Cl2 by ion chromatography (IC) at DiSTeM, Uni-
versity of Palermo and INGV sez. Palermo (Italy).
Blank filters and field blanks (i.e. filters from
filter packs transported into the field and back in
an identical manner to samples but not attached to
a pump) were also analysed and found to be negli-
gible compared to the measured values.
Hg detection in volcanic emissions
Gaseous mercury concentrations in volcanic plume
have been measured mostly by using the con-
ventional gold-trap technique (Ferrara et al. 2000;
Aiuppa et al. 2007; Bagnato et al. 2007, 2009a, b;
Witt et al. 2008a; Mather et al. 2012) and, more
recently, by a portable mercury analyser LUMEX-
RA 915+w (Sholupov et al. 2004; Aiuppa et al.
2007; Witt et al. 2008b; Bagnato et al. 2013). The
Lumex-RA 915+w analyser monitors gaseous
elemental mercury (GEM) concentrations using dif-
ferential atomic absorption spectrometry with cor-
rection for background absorption via the Zeeman
Effect (Zeeman atomic absorption spectrometry
using high-frequency modulation of light polariz-
ation or ZAAS-HFM; Sholupov et al. 2004). The
Hg analysing system operates by pumping the air
at 20 L min21 through a c. 3 cm diameter inlet to
the multi-path detection cell which has an effective
path length of 10 m. A zero correction resets the
baseline every 5 min during sampling. The detec-
tion limit is c. 2 ng m23, and the instrument has an
accuracy of 20%. Lumexw allows for measurements
at the presence of high levels of humidity (not more
than 95%) and H2S (not more than 100 mg m
23),
unlike the conventional gold-trap technique which
is instead strongly affected by inhibition of Hg
adsorption at high H2S levels (Schroeder et al.
1995). During the surveys, we measured an aver-
aged relative humidity of c. 56% and 46% at Poa`s
and Turrialba volcanoes, respectively. The accuracy
and precision of Lumexw has also been assessed
through comparison with the traditional gold-trap/
cold vapour atomic fluorescence spectrometry
(CVAFS) system used in this work and at remote
sites elsewhere (Kim et al. 2006; Aiuppa et al.
2007; Witt et al. 2008b).
In this study, Lumexw has been employed in
a stationary mode to collect gaseous elemental
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mercury (GEM) in the plumes of Turrialba (near-
vent plume aging of a few seconds to a few min-
utes) and Poa´s volcanoes and by walking across
the fumarolic areas of Las Pailas and Las Hornil-
las geothermal systems (at about 60 cm from the
emitting vents). Gold-coated quartz sand traps
(Au-traps; Brooks Rand Labsw) were simultane-
ously used to collect total gaseous mercury (TGM)
in the plumes (and/or fumaroles) of the studied
volcanoes, where gas was pumped into the trap
at a rate of c. 0.5 L min21 for sampling periods of
c. 30 min. An inline filter pack containing a filter
impregnated with 1 M NaHCO3 was used in series
with the gold traps to measure the corresponding
SO2 concentration in the gas sampled (Aiuppa
et al. 2007; Bagnato et al. 2007, 2011), and a 45 mm
Teflon pre-filter has been located on the head of
the gold-trap assembly to filter atmospheric air.
On a few occasions a second gold trap was con-
nected in series in order to monitor potential GEM
breakthrough on the first trap, but this proved
negligible. After sampling, the traps were sealed
and analysed at the Midi-Pyrenees Observatory
(Toulouse, France) by using dual-stage gold-trap
amalgamation with atomic fluorescence detection
(AFS, Brook Rand Model III) which employs high-
purity argon as a carrier gas. The sampling train
consists of the sampling gold trap followed by a
new soda lime trap (Tekran Inc.), an analytical gold-
coated sand trap (Brooks Rand) and the AFS detec-
tor. The soda lime trap was used to neutralize water
vapour, residual acid gases and other impurities
that may be co-collected on sampling traps under
volcanic conditions. The AFS was calibrated using
40–200 uL Hg vapour injections from a thermo-
stated liquid/vapour Hg reservoir. Calibration was
repeated every three samples and showed a drift of
the signal of ,10%. More details on the operating
conditions are given in Sonke et al. (2008).
Some studies address the question of whether the
collection of gaseous Hg using a gold trap quantifies
TGM (i.e. GEM plus RGM) or GEM; see Gustin
et al. (1999) as an example. For the sake of simpli-
city, GEM and Hg are used without distinction
in this article unless otherwise specified since in vol-
canic emissions GEM is the dominant form (≥90%;
Bagnato et al. 2007; Zambardi et al. 2009; von
Glasgow 2010; Martin et al. 2011).
Volcanic Hg flux estimate
Estimating the emission flux of Hg from volcanoes
(plume and fumaroles) has generally taken the
approach of scaling relationships between averaged
Hg/SO2 ratios in gas emissions and SO2 fluxes
(Varekamp & Buseck 1986; Pyle & Mather 2003;
Aiuppa et al. 2007; Bagnato et al. 2007; Witt
et al. 2008a, b; Bagnato et al. 2011) since volcanic
SO2 is well monitored and there is a degree of
consensus over the global volcanic SO2 flux (Graf
et al. 1997; Andres & Kasgnoc 1998; Halmer
et al. 2002; Schmidt et al. 2012). If the ratio Hg/
SO2 in volcanic plumes can be reliably constrained,
the emission flux of Hg can be estimated. The
former ratio is usually determined by connecting
alkali-impregnated filters (to trap plume SO2; accu-
racy +10% at 1 s; Aiuppa et al. 2004, 2005) in
series or in parallel with the gold trap. An additional
effective method we used to assess the averaged
Hg/SO2 ratio in volcanic emissions is to combine
the Lumex analyser in parallel with the MultiGAS
to obtain real-time measurements of Hg and major
volatiles in the volcanic fumes (Aiuppa et al.
2007; Witt et al. 2008a, b; Bagnato et al. 2013).
In this study, data on sulphur dioxide flux in the vol-
canic plumes have been measured directly and
acquired from literature reports. At Mt Etna, Gorely
and Mutnovsky volcanoes a dual-UV camera set-up
was used to obtain time series of the SO2 flux at
a resolution of 0.33 Hz (Kantzas et al. 2010; Tam-
burello et al. 2011; Aiuppa et al. 2012). This tech-
nique allows the whole plume to be captured in a
single image, allowing the possibility of exploring
spatial variations in SO2 emissions over a timescale
of c. 1 s (Mori & Burton 2006; Bluth et al. 2007).
For the other reported volcanoes, SO2 flux estimates
have been obtained by traversing beneath the plume
with an ultraviolet Ocean Optics USB2000 spectro-
meter coupled to a vertically pointing telescope,
or by downloading data from an installed permanent
station close to the volcano. Evaluation methods of
the acquired spectra are described in McGonigle
et al. (2002) and Galle et al. (2003). All the SO2
fluxes used in our calculations correspond to the
period of our fieldwork. In these calculations, we
assume that GEM and SO2 are the main forms
of Hg (Bagnato et al. 2007, 2011) and S in the
plumes, respectively. Under certain circumstances
however, such as those encountered in the geother-
mal fields (i.e. the S fluxes are very low), the Hg/
SO2 approach for estimating Hg flux is not readily
applicable since there is no reliable method for
measuring the flux of the dominant form of sulphur
in these systems. In those areas, we used an alter-
native method to estimate Hg flux by combining
the kriging contouring technique with the plume
speed information (Bagnato et al. 2013).
Results
Mercury and major species in volcanic
emissions
The simultaneous acquisition of CO2, H2S, SO2 and
H2O by the MultiGAS (Aiuppa et al. 2005, 2007,
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2011) combined with Lumex Hg analyser allowed
us to characterize the abundance of major spe-
cies in air-diluted volcanic emissions, and there-
fore examine the relationship between atmospheric
Hg concentrations and volcanogenic volatiles (see
Tables 1 & 2). More specifically, data from the per-
manent MultiGAS station installed on the western
rim of Turrialba volcano’s West Crater showed
CO2/SO2 molar ratio time series almost constant
over a period of two days, ranging from 1.15 to
2.55 and averaging 2.2. Instead, the H2O/CO2
molar ratio varies over a wide range from 32 to
230 (mean 109) due to water condensation that
removes water from the gas of the low-temperature
sources (see Table 1). Here, simultaneous collec-
tion of gases by Lumex and gold-trap technique
yielded Hg concentrations of 99 and 81 ng m23,
respectively (Table 2), which are comparable to
those obtained during previous fieldwork performed
in 2010 (averaged GEM c. 115 ng m23, Table 2;
Bagnato et al. unpublished data). Higher averaged
GEM values were measured in the volcanic plumes
of Mt Etna’s craters (Bocca Nuova and North
East craters; 125 and 100 ng Hg m23, respectively),
where the continuous measurements by MultiGAS
gave H2O/CO2 and H2O/SO2 values of c. 93
and 46.5, respectively (Tables 1 and 2). We found
that Hg data from the North East crater (99 ng
Hg m23; this work) is comparable to the lower
value reported by Bagnato et al. (2007) (range
114–328 ng Hg m23; Table 2). A very recent
MultiGAS survey on Gorely’s volcanic plume
(Aiuppa et al. 2012) reports H2O/SO2 ¼ 43+ 13,
CO2/SO2 ¼ 1.2+ 0.1 and H2/SO2 ¼ 0.11+ 0.02
as a representative mean end-member for arc
magmatism in the NW Pacific region (Table 1).
These data have been acquired simultaneously
to our Hg measurements inside the dilute plume
of Gorely (at c. 300 m downwind from the
source), where we found the lowest GEM con-
centrations (c. 4 ng m23; Table 2) of those reported
in this study.
The four transects performed with the portable
MultiGAS on the rim of the dome close to the
acidic lake at Poa´s volcano did not show relevant
variability of the chemical composition; the CO2/
SO2 molar ratio ranged between 0.23 and 0.45
(mean 0.4; Table 1), suggesting a strong homogen-
eity of the fumarolic field. The H2O/CO2 ratio is
affected by condensation of water and is therefore
more variable (170–215; mean 183; Table 1). The
SO2/H2S ratio fell within the range 2–6.8, support-
ing a more extensive re-equilibration of the volcanic
gas within the more reducing and colder hydro-
thermal system. A further short survey was carried
out around the edge of the acid lake of Poa´s
volcano, aimed at detecting the chemistry of the
steam released by the lake. The results show
higher values of both CO2/SO2 and H2O/CO2, 1.2
and 344 respectively, reflecting the contribution
of water evaporation and SO2 scrubbing proces-
ses (Symonds et al. 2001). Simultaneous Hg mea-
surements by both gold traps and Lumex system
in the fumarolic emissions collected on the top of
the dome (hundreds of metres from the emissions)
gave very low concentrations (6–7.4 ng m23;
Table 2). In general, given the uncertainties asso-
ciated with gold-trap techniques, our data exhibit
a good agreement by comparing Lumexw and
gold-trap results (see Table 2), as also reported else-
where by other authors (Kim et al. 2006; Aiuppa
et al. 2007).
A first assessment of the chemical composi-
tion of gases released by the fumarolic field inside
and near the bottom of Rinco´n de la Vieja’s main
crater has also been accomplished. Despite the
great distance from which the gas was detected by
the MultiGAS (hundreds of metres from the fumar-
oles), the concentrations of volcanic SO2 and CO2
were high enough (c. 1 and 10 ppm, respectively)
to calculate molar ratios. In fact, the 0.8 km2 wide
hyper-acid lake at the bottom of the crater exerts a
strong gas scrubbing on the volcanic gas emissions,
as demonstrated by the high CO2/SO2 molar ratios
in the range 15–69, averaging 27 (see Table 1).
The measured H2O/CO2 ratios are variable (range
84–354) but still comparable to the other volcanoes.
As at Poa`s, we detected very small Hg concen-
trations in the emissions from Rinco´n de la Vieja
volcano (in the range 4–5 ng m23; Table 2). The
quite low Hg concentrations found in the fumes of
these latter two volcanoes mainly reflect the long
distance from which the gas was detected (hun-
dreds of metres from the fumarolic emissions), and
probably the gas scrubbing on gaseous emissions
exerted by the acid volcanic lakes hosted inside
(Symonds et al. 2001). However, more research is
needed to improve knowledge of the implications
of magmatic gas scrubbing on Hg distribution in
volcanic emanations.
The fumarolic gas of Aso volcano is a mixture of
the original magmatic gas and hydrothermal fluids
(Shinohara et al. 2010, 2013). The authors suggest
that gases deriving from the lake and fumarolic
emissions have distinct compositions, with higher
CO2/SO2 and HCl/SO2 (3.1 and 0.1, respectively)
and lower SO2/H2S (19.2) ratios in fumaroles than
the lake gases (1.6, 420 and 0.01, respectively),
but they have similar H2/CO2 ratios (0.06 and
0.03, respectively) (Table 1). Here we attempted
separate quantification of Hg in the gases emitted
from the Yudamari crater lake (lake gas) and the
fumarolic area at the southern wall (fumarolic gas)
by using the gold-trap method at two distinct sam-
pling sites. Since the gas source is not a single
vent for both the lake gases and the fumarolic gases,
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there can be some heterogeneity in composition
as well as composition fluctuation. It is therefore
quite difficult to estimate the real error in com-
position determination. Mercury measurements
at Aso volcano gave values of c. 119 and 8 ng Hg
m23 in the fumaroles and fumes generated by
the crater lake evasion, respectively (Table 2). The
mismatch exhibited by these data mainly reflects
the weak gaseous emission from the surface of
Yudamari crater lake during the survey compared
to the strong degassing exhibited by the fumaroles
sampled along the wall of the crater.
Finally, MultiGAS survey performed at the
Bottom Field and the Active Crater of the Mut-
novsky volcano yielded H2O/Stot molar ratios in
the range c. 46.4–288.3, while the measured H2O/
CO2 and CO2/Stot ratios were 23.4 and 2 for
the former and 83 and 3.4 for the fumaroles of the
Bottom Field (Table 1). Simultaneously, we also
measured c. 40 and 8 ng Hg m23 in the atmospheric
emissions from the Active Crater and the Bottom
Field, respectively (Table 2).
In general, our results are higher than the back-
ground atmospheric Hg values generally found in
the unpolluted areas of the Northern Hemisphere
(range 1.5–1.7 ng m23; Lindberg et al. 2007; Spro-
vieri et al. 2010), as well in the urban sites (range
2.5–9.8 ng m23; Liu et al. 2002; Rutter et al.
2008, 2009; Kim et al. 2011). The large variability
of GEM concentrations (4–125 ng m23) we mea-
sured in the gaseous emissions of the investigated
volcanoes strongly reflects the dynamic nature of
the plume, where the abundances of volatiles are
determined by variations in Hg emission fluxes
from magma and dilution with background air.
Overall, our data support the relevance of persis-
tent volcanic activity from open-conduit degassing
as a significant source of Hg for the atmosphere
(see Table 2), and fall within the range proposed
by many authors worldwide (Witt et al. 2008a, b;
Bagnato et al. 2011; Mather et al. 2012; Table 2).
Hg emissions from geothermal fields
There are relatively few published datasets of Hg
concentrations measured at or near geothermal fea-
tures even if many areas characterized by geo-
thermal activity have long been associated with
elevated levels of Hg in soils and air (Varekamp
& Buseck 1981, 1986; Cox 1983; Siegel & Siegel
1984). Previous studies by Robertson et al. (1977)
and Christenson and Mroczek (2003) showed that
essentially all the Hg in geothermal steam and
gases is in the gaseous elemental form (GEM).
A Lumexw/MultiGAS GPS-synchronized survey
was carried out at Las Hornillas and Las Pailas
geothermal fields (Costa Rica) with the aim of quan-
tifying volatile species in the fumarolic emis-
sions distributed in these areas. At each fumarole,
measurements were performed by placing the inlet
of the instruments close (within a few centimetres)
to the emitting vent to reduce mixing with air. The
combined Lumexw/MultiGAS technique allowed
a large number of simultaneous GEM and SO2
measurements to be made over short (half an hour)
observation periods, and the time variability of the
GEM/SO2 ratio to be evaluated real-time. The
MultiGAS survey revealed a spatial variability in
terms of gas compositions and emission rate for
both investigated geothermal areas (Table 1; Figs
2 & 3). We estimated an averaged CO2/H2S ratio
ranging between 53 and 179 (with the higher
values measured at the northern part of the field)
and between 16.3 and 73 at Las Hornillas and
Las Pailas, respectively. At Las Hornillas we also
estimated an averaged H2O/CO2 ratio ranging
from 23 to 53, while at Las Pailas H2O/H2S
and H2O/CO2 ratios were estimated to vary from
8835 to 29 994 and from c. 230 to 542, respecti-
vely (Table 1). By walking around the fumarolic
emissions, we estimated GEM concentrations of
140–530 ng m23 (averaged 260 ng m23) and
c. 145–1329 ng m23 (averaged 822 ng m23) for
Las Pailas and Las Hornillas emissions, respec-
tively (Table 2; Figs 2 & 3). Measurements
showed that both systems are releasing Hg at
elevated levels well above those measured in the
atmosphere outside the geothermal areas (c. 3.6
and 3.2 ng m23 for Las Pailas and Las Hornillas,
respectively). Measurements performed by a FLIR
SC660 infrared camera (located near the main
vents) showed a very homogeneous distribution of
Table 1. Molar ratios measured in the plume of the
investigated volcanoes and in atmospheric emissions
of geothermal systems
Volcano H2O/
CO2
H2O/
SO2
CO2/
SO2
Turrialba 109 240 2.2
Poa´s 183 73 0.4
Rinco´n de la Vieja 201 5424 27
Aso fumarole* 17 52 0.0012
Aso lake gas† 58 94 0.0002
Gorely‡ 32 43 1.3
Mutnovsky AF 23 46 0.001
Mutnovsky BF 83 288 0.00004
Etna NEC 93 46 0.5
Etna BN 21 126 6
Geothermal fields
Las Pailas 378 15 031 41
Las Hornillas 29 3220 113
*Shinohara et al. (2010)
†Shinohara et al. (2013)
‡Aiuppa et al. (2012)
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Table 2. Volcanic mean GEM concentrations (range; SD and number of measurements), mean GEM/SO2 mass ratios and Hg fluxes for the volcanic systems used in
this study
Volcano Location Date Volcanism Emission
type
GEM (ng m23
(range; SD; n))
Method GEM/SO2 FSO2
(t a21)
FHg
(t a21)
References
Gorely Kamchatka 06/09/2011 Arc Plume 4 (1) Au-trap/AFS 3.3 × 1026 8021 0.95 This study
Mutnovsly AF Kamchatka 05/09/2011 Arc Fumaroles 8 (1) Au-trap/AFS 1.9 × 1027 1502 0.01 This study
Mutnovsly BF(both plumes) Kamchatka 05/09/2011 Arc Fumaroles 40 (1) Au-trap/AFS 1.4 × 1025 1502 0.7 (0.71) This study
Aso fumarole Japan 2010 Arc Fumaroles 119 (1) Au-trap/AFS 5.2 × 1027 5003 0.09 This study
Aso crater lake (both plumes) Japan 2010 Arc Lake fumes 8 (1) Au-trap/AFS 1.3 × 1026 5003 0.24 (0.33) This study
Etna BN Italy 24/06/2011 Non-arc Plume 125 (1) Au-trap/AFS 7.1 × 1026 11304 2.92 This study
Etna NEC (both plumes) Italy 24/06/2011 Non-arc Plume 99 (1) Au-trap/AFS 3.4 × 1026 10004 1.24 (4.16) This study
Poa´s Costa Rica 16–18/04/2013 Arc Fumaroles 7.4 (5–10) Lumex 4.9 × 1028
(2.5–3.6 × 1028)
1205 0.002 This study
Poa´s Costa Rica 16–18/04/2013 Arc Fumaroles 6 (4–7; 1.2; 5) Au-trap/AFS 3.7 × 1028
(2.1–5.4 × 1028)
1205 0.0016 This study
Turrialba Costa Rica 07/03/2011 Arc Plume 115 (1) Au-trap/AFS 3.9 × 1026 10006 1.45 This study
Turrialba Costa Rica 02–04/04/2013 Arc Plume 100 (68–174) Lumex 5.6 × 1026
(3–9.8 × 1026)
6717 1.4 This study
Turrialba Costa Rica 02–04/04/2013 Arc Plume 81 (76–85; 4; 3) Au-trap/AFS 8.1 × 1026
(7.6–8.2 × 1026)
6717 1.9 This study
Rinco´n de la Vieja Costa Rica 07/04/2013 Arc Fumaroles 5 (4–5; 0.6; 2) Au-trap/AFS 3.5 × 1026
(4.3–2.7 × 1026)
n.d. n.d. This study
Las Pailas Costa Rica 08/04/2013 Arc Geothermal 260 (140–530) Lumex 1.68 × 1025 n.d. 0.0008–0.002 This study
Las Hornillas Costa Rica 09/04/2013 Arc Geothermal 822 (145–1329) Lumex 4.01 × 1026 n.d. 0.004–0.01 This study
Nyiragongo Africa 19–23/06/2010 Non-arc Plume 373 Au-trap/CVAFS 5.5 × 1026 2180 4.4 Bagnato et al. (2011)
Yasur Vanuatu 21/10/2010 Arc Plume 84 Au-trap/CVAFS 1.7 × 1025 940 6 Bagnato et al. (2011)
Ambrym Vanuatu 21/10/2010 Arc Plume 68 Au-trap/CVAFS 6.4 × 1026 7600 18 Bagnato et al. (2011)
Stromboli Italy 24/07/2008 Arc Plume 28 Au-trap/CVAFS 4.7 × 1026 120 0.2 Bagnato et al. (2011)
Miyakejima Japan 02–12/09/2006 Arc Plume 95 Au-trap/CVAFS 9 × 1026 2000 6.6 Bagnato et al. (2011)
Asama Japan 25–29/09/2008 Arc Plume 41 Au-trap/CVAFS 5.5 × 1026 1850 3.7 Bagnato et al. (2011)
La Soufriere Hill Less
Antilles
01/07/2008 Arc Plume 18 Au-trap/CVAFS 1.2 × 1025 400 1.8 Bagnato et al. (2011)
Kilauea Hawaii 2008 Arc Plume 35 Au-trap/CVAFS 1.6 × 1026 700 0.2 Mather et al. (2012)
Masaya Nicaragua 24/02–04/
03/2006
Arc Plume 163.5 Au-trap/CVAFS 2 × 1025 800 7.2 Witt et al. (2008a, b)
Cumulative flux from open-conduit volcanoes 16 590 56 This study
Global volcanism emissions 18 630–
38 9048
76+ 30 This study
Literature Hg flux with relevant data sources and sampling/analythical methods are also reported: 1Aiuppa et al. (2012), 2G. Tamburello pers. comm., 2011; 3Shinohara et al. (2010); 4G. Tamburello pers.
comm., 2013; 5M. DeMoor pers. comm., 2013; 6Campion et al. (2012); 7G. Avard pers. comm., 2013; 8Graf et al. (1997).
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gas temperatures at the emitting vents, generally
close to the boiling point of water and ranging
from 95 to 98 8C in both geothermal areas. Acqui-
sition by the Lumexw system allowed us to detect
pulsed sequences of GEM increases in the atmos-
pheric plumes of the fumaroles of both geother-
mal systems (Fig. 4a, b). These GEM pulses were
closely matched by parallel increases in CO2 as
illustrated in Figure 4a, b, supporting both a volca-
nic origin for the measured GEM concentrations
and the role of early CO2 escape from magmas as
a carrier gas for Hg (Varekamp & Buseck 1981,
1986; Bagnato et al. 2013). At Las Pailas we esti-
mated mean GEM/CO2 mass ratios ranging from
1.4 × 1029 to 1.7 × 1028, comparable with those
measured in the gaseous manifestations at Las
Hornillas field (from 3.5 × 1029 to 1 × 1027). In
general, our estimated GEM/CO2 values are
similar to those obtained in other low-temperature
volcanic-hydrothermal systems such as Tatun
volcanic field (GEM/CO2 from 4 × 1028 to
40 × 1028; Witt et al. 2008a) and the low-T
(858–150 8C) CO2-rich fumaroles of Masaya
volcano (GEM/CO2 from 0.1 × 1028 to 1.9 ×
1028; Witt et al. 2008b). Measurements at the
higher-temperature (250 8C) fumaroles of La
Fossa Crater, Vulcano island indicated GEM/CO2
mass ratio of 6.0 × 1028 (Aiuppa et al. 2007). Our
data are also close to the values reported by Engle
et al. (2006) for the fumaroles at Yellowstone
Caldera, a hydrothermal system with temperatures
ranging from 85 to 95 8C and in the presence
of H2S (1.6 × 1029 to 2.6 × 1029; Engle et al.
2006). The GEM concentrations derived from the
real-time measurements at Las Pailas geothermal
field also correlate well with the real-time H2O
concentrations at all the active vents (Fig. 4b) with
estimated mean GEM/H2O mass ratios ranging
from 4.3 × 10211 to 3.6 × 10210. These results
provide new important information, improving the
Fig. 2. Mercury distribution (ng m23) in gaseous emissions at Las Hornillas geothermal field, Miravalles volcano,
Costa Rica. The black crosses indicate the walking track across the fumarolic emission sites with the Lumex/MultiGAS
synchronized survey. Coordinates are reported in UTM (Zone 16P).
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currently sparse Hg database for gases from volcano-
genic origin worldwide (Weissberg & Rohde 1978;
Cox 1983; Siegel & Siegel 1984; Varekamp &
Buseck 1986; Nakagawa 1999; Engle et al. 2006).
Previous research suggested that steam condensa-
tion can affect GEM to other chemicals ratios
(Varekamp & Buseck 1981, 1986). In this study,
we did not attempt to measure Hg concentration in
fumarolic steam condensates, so we cannot rule out
the possibility that our derived Hg emissions are
underestimating the real emissions to some extent
(Nakagawa 1999; Aiuppa et al. 2007). The release
of Hg from previously enriched substrates as a
result of geothermal processes has not been deter-
mined at Las Pailas and Las Hornillas, but it might
contribute significantly in estimating the cumula-
tive Hg flux from geothermal systems as recently
demonstrated elsewhere (e.g. Nea Kameni fuma-
rolic fields, Greece; Sulphur Banks, Hawaii, Vare-
kamp & Buseck 1986; Miravalles volcano, Melia´n
et al. 2004; United States, Engle et al. 2006;
la Solfatara, Pozzuoli, Bagnato et al. 2009a, 2013).
Fig. 3. Mercury distribution (ng m23) in gaseous emissions at Las Pailas geothermal field, Rinco´n de la Vieja volcano,
Costa Rica by the Lumex/MultiGAS acquisition technique. Here the surveyed areas are reported in five separated
sectors (a–e) due to the extended surface area of the geothermal field. Coordinates are reported in UTM (Zone 16P).
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The importance of Hg/S ratio
Concentrations of gaseous plume species at crater
rims depend on both volcanic (gas flux) and non-
volcanic factors (extent of mixing and dilution in
the vent, wind speed and direction); comparing
the concentrations of species between different vol-
canoes is therefore not necessarily meaningful and
it is more useful to compare ratios of various spe-
cies. A large variety of chemical methods have
been used in the past to quantify Hg/SO2 pro-
portions in volcanic emissions (e.g. Varekamp &
Buseck 1981; Nakagawa 1999; Ferrara et al. 2000;
Bagnato et al. 2007), the majority of which require
complex and time-consuming post-sampling ana-
lytical determinations in a laboratory, precluding
real-time measurement and limiting the acquisition
of robust datasets. The literature reported Hg/SO2
mass ratios in volcanic emissions span four orders
of magnitude (Pyle & Mather 2003), including
fumarolic condensates and vapours which dominate
the available data. Fumarolic emissions may differ
in composition from the high-temperature gases
released directly from magma (Symonds et al.
1992). The uncritical use of fumarolic Hg/SO2 as
a proxy for magmatic Hg/SO2 will underestimate
volcanic Hg emission rates because SO2 is mostly
from high-temperature sources (magmatic), while
low-temperature fumarolic environments are to
some extent enriched in H2S (Pyle & Mather
2003; Aiuppa et al. 2007). This means that in esti-
mating the Hg emission flux, it is more appropriate
to consider the Hg/Stot ratio (where Stot ¼ SO2+
H2S) rather than the single S-species. Some recent
assessments of global volcanic emissions of Hg
have not properly accounted for this (Unni et al.
1978; Nriagu 1989; Ferrara et al. 2000). These
considerations are especially important as the most
significant factor that influences volcanic Hg flux
estimates is the value of Hg/SO2 that is adopted in
the calculation. The variability we found in the aver-
aged GEM concentrations (see Table 2) measured
in gaseous emissions of the investigated volcanoes
strongly highlights the importance of using Hg/S
ratios to compare volcanic emissions. Given the
uncertainties associated with the gold-trap tech-
nique, we found a good agreement by comparing
atmospheric Lumexw/MultiGAS measurements
and those made with gold-traps/filterpacks in deter-
mining Hg/SO2 mass ratios (see Table 2, espe-
cially for Poa´s and Turrialba volcanoes). Most of
the measured GEM/SO2 range from 10
26 to 1025,
Fig. 4. Temporal variations in CO2 (grey line), GEM (black line) and H2O (light grey line) measured with MultiGAS
and Lumex, respectively at (a) Las Hornillas and (b) Las Pailas geothermal systems. The positive temporal correlation
exhibited by the two species may support CO2 as potential carrier gas in transporting GEM in magmatic systems.
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except for Aso fumaroles, Mutnovsky Active
Funnel plume and Poa´s volcano which displays
the lowest mass ratios ranging from 1028 to 1027
(see Table 2). At Rinco´n de la Vieja volcano, we
measured a mean fumarolic GEM/SO2 ratio of
c. 3.5 × 1026 (range 4.3–2.7 × 1026; Table 2).
The GEM/SO2 mass ratios estimated in the
plumes of the North East Crater and Bocca Nuova
at Mt Etna (3.4–7.1 × 1026 respectively; Table 2)
are comparable to the mean value reported by
Bagnato et al. (2007) (c. 8.8 × 1026). Finally, at
Las Pailas and Las Hornillas we measured GEM/
SO2 of 1.68 × 1025 and 4.1 × 1026, respectively.
A broad correlation was found by plotting GEM
versus SO2(g) concentrations (Hg/SO2 c. 10
27 to
1025) in the plume of active degassing volcanoes
from arc and non-arc setting (taken from both litera-
ture and this study; Fig. 5). The most likely reason
for the differences observed in GEM/SO2 mass
ratios among the reported volcanoes from similar
settings may simply be compositional variability
(i.e. Hg and S contents; Fig. 5). Further, since Hg
Fig. 5. Scatter plot of gaseous elemental mercury (GEM) v. SO2(g) concentrations in the vent plumes of active
volcanoes from arc and non-arc volcanism (grey filled symbols and black open symbols, respectively) (GEM/SO2
ranging from 1027 to 1025; see Table 2). Our original data (black filled symbols) are set in the context of published
volcanic gas compositions. Arc-volcanism setting: Masaya (Witt et al. 2008a), Miyakejima, Yasur, Stromboli, Asama,
La Soufriere (Bagnato et al. 2011), Vulcano island (Aiuppa et al. 2007); non arc-volcanism setting: Etna NEC and Etna
VOR (Bagnato et al. 2007), Nyiragongo (Bagnato et al. 2011), Hawai Halema’uma’u vent (Mather et al. 2012).
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and SO2 have different solubility in silicate melts,
they will be fractionated during magmatic degas-
sing, implying that Hg/SO2 will be significantly
changing in both time and space. Volcanoes with
acidic lakes, such as Poa`s and Rinco´n de la Vieja,
can also fractionate the Hg/SO2 through scrubb-
ing in the lakes of both SO2 and Hg as H2SO4 and
HgCl2, respectively (Symonds et al. 2001; Shino-
hara et al. 2010). In such a case, the gaseous emana-
tions from the lake will be fractionated in Hg/
SO2 as a result of SO2 or Hg dissolution, or both.
There is of course a need for continuing work to
characterize both volcanic lake evasion fumes and
low- and high-temperature volcanic emissions and
to establish the factors which control the Hg/S
ratios at different degassing volcanoes. Previous
estimates of the global non-explosive volcanic Hg
flux have used Hg/SO2 ratios between 10
27 and
1025 (Varekamp & Buseck 1986; Nriagu 1989;
Ferrara et al. 2000; Nriagu & Becker 2003) with
1026 as the best representative of gas emissions
from quiescent open-conduit degassing volcanoes
(Fig. 6). In general, most of our GEM/SO2 data from
continuous degassing are in agreement with this
ratio (Figs 6 & 7), and are similar to the value
reported in Varekamp & Buseck’s (1986) global
estimate for passive emissions from non-erupting
volcanoes (3.7 × 1026). Our data also fall within
the range of best estimates (1024 to 1026) proposed
by Pyle & Mather (2003) for non-explosive volca-
nic degassing and are also in agreement with the
ratios found at other passive degassing volcanoes
(see Tables 2 & 3; Fig. 7). However, our data
together with most of the reported GEM/SO2 in
the literature should probably be considered as the
lower bounds because they mainly refer to passive
emissions from non-erupting volcanoes; these are
lower than the ratios measured during explosive
eruptions which are also often accompanied by
considerable SO2 emission (such as those docu-
mented for Kilauea, Arenal and Mt St Helens volca-
noes; GEM/SO2 from 10
24 to 1023; Varekamp &
Buseck 1981; Ballantine et al. 1982; Fig. 7). Pre-
vious estimates of Hg/SO2 ratios from explosive
volcanic eruptions gave values varying much
more, between 1022 and 1025 (Buat-Menard &
Arnold 1978; Varekamp & Buseck 1981; Ballantine
et al. 1982; Shuster et al. 2002), suggesting that
emissions from large explosive eruptions are rich
in Hg.
By comparing plume GEM/SO2 mass ratios
to the corresponding plume H2O/SO2 ratios (Fig.
8; see Tables 1 & 2 for data sources), most of the
open conduit ‘arc’ volcanoes (grey filled trian-
gles in Fig. 8) show an overall positive correla-
tion between H2O/SO2 and GEM/SO2 ratios
(r2 ¼ 0.8). This may suggest that gas emissions in
subduction zones contain more Hg (relative to
SO2) than those from divergent (or within-plate)
plate volcanism, as also previously suggested by
some authors (Kim et al. 2000; Bagnato et al.
2011). Data from Rinco´n de la Vieja volcano as
well as the two geothermal fields (Las Pailas and
Las Hornillas) fall outside the main trend exhibited
Fig. 6. Summary of measured GEM/SO2 mass ratios in the volcanic bulk plume, compiled from this work (light
grey bars) and published data (as reported in Fig. 5). The compilation strongly supports 1026 to 1025 for the Hg/SO2
plume ratio from quiescent degassing volcanoes as representative of gas emissions from the open-conduit degassing
volcanoes.
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by the other volcanoes (Fig. 8). We note that for
the former, it is likely that either the sulphur scrub-
bing action in the acid lakes or the distance from
which we sampled gases may have influenced
the H2O/SO2 and GEM/SO2 values. To date
however, we are not able to say which of the two
factors dominates. The excess of water detected in
the gaseous emissions at Las Hornillas and Las
Pailas geothermal fields may explain the low esti-
mated GEM/H2O mass ratios at these locations
(black filled triangles in Fig. 8). More data are
required to explore this relationship further,
however. A stronger correlation between GEM
and SO2 is evident for samples collected within
plate/rift volcanism (Figs 5 & 8), in agreement
with their similar degassing behaviour.
In arc-volcanism the origin of Hg can be mani-
fold and fairly hard to understand. Metals released
by gaseous discharges in volcanic arcs are ulti-
mately sourced in the heterogeneous mantle wedge
Fig. 7. Summary of measured GEM/SO2 mass ratios in worldwide volcanic emanations. The graph was constructed
from results obtained in this study (red text), and previously published data (black text). A distinction was made between
the emission type plotted in the graph to show open/closed conduit, arc/non-arc volcanism, volcanic lake evasion and
geothermal fields. Most of the reported GEM/SO2 values are lower than those measured for Kilauea, Arenal (10
24) and
Mt St Helens volcanoes, during explosive eruptions (pink-coloured area). Reported data are taken from: aFerrara et al.
(2000); bDedeurwaerder et al. (1982); cBuat-Menard & Arnold (1978); dVarekamp & Buseck (1986); ethis work;
fBagnato et al. (2007); gBichler et al. (1995); hAiuppa et al. (2007); iBallantine et al. (1982); lSiegel & Siegel (1984);
mKyle et al. (1990); nWitt et al. (2008a, b); oBagnato et al. (2011); pMather et al. (2012). ET, Etna; ER, Erebus; PO,
Poa´s; ASO, Aso; MUT, Mutnovsky; GO, Gorely; MA, Masaya; KI, Kilauea; NY, Nyiragongo; YA, Yasur; TU,
Turrialba; ASA, Asama; CO, Colima; VU, Vulcano Island; STR, Stromboli; RIN, Rinco´n de la Vieja; LSF, La Soufriere
Hill; MY, Miyakejima; SH, St Helens; AR, Arenal; LP, Las Pailas; LH, Las Hornillas. The grey-coloured area shows the
typical range of GEM/SO2 ratios for continuous degassing volcanoes, as suggested by Pyle & Mather (2003).
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beneath volcanoes (Jenner et al. 2010; Stracke
2012) by processes involving volatile release from
the underlying hydrated subducting slab and
entrained oceanic sediment (Mungall 2002; Laba-
nieh et al. 2012; Henley & Berger 2013). More
data are required to better explore Hg behaviour
from volcanoes where a subduction component is
involved in magmagenesis; recent studies (Pyle &
Mather 2009) suggested that a significant com-
ponent of Hg in volcanic emissions may originate
from the subducting slab, as observed for other
elements such as Br, Cl and I in volcanic emissions.
By putting our new data into the context of pub-
lished volcanic gas compositions from various geo-
dynamic settings (arc volcanism and within plate/
rift volcanism; Fig. 9, data source in Tables 1 &
2), we find an extremely variable composition rang-
ing from Hg to H2O-rich, respectively. The Hg-
rich end-member of the triangular plot shown in
Figure 9 corresponds to the 1980 Mt St Helens
explosive eruption (SH), characterized by fairly
high Hg to sulphur mass ratio (3.3 × 1023; Vare-
kamp & Buseck 1986) which differs significantly
from the ratio which usually characterizes the
phase of passive degassing of the volcano
(6 × 1026; Varekamp & Buseck 1986). Gaseous
emissions from Rinco´n de la Vieja volcano (RIN)
are H2O-rich and poor in sulphur and Hg, probably
due to the strong gas scrubbing by the lake and/or
the high air dilution of the collected fumes. Inter-
mediate compositions identify no clear trend and
emphasize the presence of a compositional gap for
sulphur-poor, Hg- and H2O-rich volcanic gases.
Water in volcanic gas represents an intrinsically
highly variable parameter affected by condensation
at numerous sites (fractures, hydrothermal systems,
lakes and atmosphere), and its variability in this
dataset is not surprising (as confirmed by the highly
variable H2O/Stot ratios). Gases from closed-
conduit volcanoes in a fumarolic stage of activity
and from volcanic lakes of arc-volcanism (i.e. Poa´s,
Rinco´n de la Vieja, Mutnovsky and Aso) show very
low Hg contents, probably due either to (1) the role
played by the omnipresent wall-rock–gas and
water–gas interactions which potentially favour
Hg deposition in the hydrothermal envelope, or (2)
the lake’s gas scrubbing, respectively. Although
limited, our data however suggest that there is
no clear Hg/Stot and Hg/H2O dependence on vol-
canic setting, but further detailed investigations
are required.
Hg emission fluxes from volcanic degassing
Mercury emission rates from volcanoes are usually
assessed by scaling the determined GEM/SO2 to
the simultaneously determined SO2 emission rates.
The volcanic Hg emissions inventory is summa-
rized in Table 2, where Hg fluxes from the litera-
ture with relevant data sources are also reported.
The lowest Hg flux (0.002 t a21) in our dataset
is derived for Poa´s volcano, followed by Aso
(c. 0.33 t a21), Mutnovsky (0.71 t a21), Gorely
(0.9 t a21), Turrialba (2.4 t a21) and Etna (4.2 t
a21). While our estimates of Hg flux in the plumes
of Aso and Etna volcanoes are comparable to those
reported in the literature by previous authors (c. 0.3
and 5.4 t a21, respectively; Andres & Kasgnoc
1998; Bagnato et al. 2007), our bulk Hg emission
flux measured at Mutnovsky volcano (0.71 t a21)
is about one order of magnitude higher than the
value proposed by Taran et al. (1992) of 0.05 t a21.
The difficult meteorological conditions encoun-
tered on the top of Rinco´n de la Vieja volcano in
April 2013 did not allow us to estimate SO2 emis-
sions needed for calculating the Hg flux. No data
on SO2 flux related to Rincon’s recent degassing
activity are available; Hg emission rate from this
volcano has not been included in our calculation
of the cumulative flux from active volcanism.
Table 3. Literature Hg/SO2 mass ratios for active volcanoes worldwide
Volcano Hg/SO2 References
Etna’s bulk degassing 8.9 × 1025 to 1.5 × 1027 Dedeurwaerder et al. (1982),
Varekamp & Buseck (1986),
Ferrara et al. (2000)
Etna North East’s fumaroles 2 × 1026 Varekamp & Buseck (1986)
Colima 2.5 × 1026 Varekamp & Buseck (1986)
Vulcano Island 1.16 × 1027 to 2.4 × 1026 Ferrara et al. (2000), Aiuppa et al.
(2007), Zambardi et al. (2009)
Mt Erebus 8.8 × 1026 Kyle et al. (1990)
White Island 2.9 × 1026 Wardell et al. (2008)
Mt Shasta 39 × 1026 Varekamp & Buseck (1986)
Mt Hood 7.1 × 1026 Varekamp & Buseck (1986)
Mt St Helens 6.0 × 1026 Varekamp & Buseck (1986)
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The large spread of our estimated Hg fluxes
reflects the variable GEM/SO2 ratios (10
25 to
1028) exhibited by the investigated volcanoes and
reveals variability in the SO2 mass flux and hence
in the underlying mode of degassing. We stress
that data presented here refer to volcanoes in a
state of passive degassing activity, and that the
above-cited values have to be considered as a
lower bound (Table 2). Our calculations confirm
that the continuous year-on-year emission from pas-
sively degassing volcanoes is relatively small if
compared to explosive eruptions, which are usu-
ally accompanied by considerable SO2 emission
(e.g. 1991 Pinatubo eruption, Ansmann et al. 1997;
1980 Mt St Helens eruption, Varekamp & Buseck
1981). The most significant single-event emis-
sions are those associated with rare, large explo-
sive eruptions occurring once or twice per century
Fig. 8. Scatter plots of GEM/SO2 (mass) ratio v. H2O/SO2 (molar) ratio of arc (grey symbols) and non-arc (black
open triangles) volcanoes. The graph was constructed from results obtained in this study (grey text) and previously
published data (black text). A distinction was made between the emission type plotted in the graph to show open/closed
vent, arc/non-arc volcanism, volcanic lake evasion and geothermal fields. The diagram suggests that there is some
difference between the GEM/SO2 in arc and non-arc setting (see Table 2). ‘Arc’ volcanoes show an overall positive
correlation between H2O content and GEM/SO2 ratios, which might suggest that gas emissions in subduction zones
may contain more Hg (relative to SO2) than those from divergent (or within-plate) plate volcanism. Literature H2O/SO2
data and GEM/SO2 mass ratios are from
aBagnato et al. (2011) (NY, Nyiragongo; YA, Yasur; AM, Ambrym;
STR, Strombolim; ASA, Asama; MY, Miyakejima; VU, Vulcano); bBagnato et al. (2007) (ET, Etna); cKyle et al. (1990)
(ER, Erebus); dVarekamp & Buseck (1986) (SH, St Helens); ethis study (ET, Etna; PO, Poa´s; TU, Turrialba; RIN,
Rinco´n de la Vieja; LH, Las Hornillas; LP, Las Pailas; ASO, Aso; MUT, Mutnovsky; GO, Gorely). Hg and H2O
concentrations have been multiplied and divided, respectively, for a certain factor in order to improve the representation
of data inside the graph.
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which may instantaneously release 10 to 103 Tg SO2
to the atmosphere (Pyle & Mather 2003). Such large
eruptions, which may release .103 to 104 Mg Hg
per event, are thought to significantly perturb the
atmospheric Hg reservoir for c. 1 yr (Pyle &
Mather 2003).
Fig. 9. SO2–H2O–Hg triangular plot of relative concentrations in the plumes of the investigated volcanoes. Our
original data (grey text) are set in the context of published volcanic gas compositions from various geodynamic settings
(black text). A distinction was made between the emission type plotted in the graph to show open/closed vent, arc/
non-arc volcanism, volcanic lake surface and geothermal fields. Our dataset exhibits a very variable composition
ranging from Hg to H2O-rich, respectively. The most H2O-poor composition is observed at Nyiragongo and Kilauea
(NY and KI). Stromboli (ST) gases are S-enriched (and depleted in H2O) relative to ‘typical’ arc volcanic gases.
The most H2O-rich composition is observed at Rinco´n de la Vieja volcano while the most Hg-rich composition is
observed for Mt St Helens explosive eruption in 1980 (SH) and Arenal (AR). Data source are taken from Tables 1 and 2
(this study) and from the literature: NY, Nyiragongo; YA, Yasur; AM, Ambrym; STR, Stromboli; ASA, Asama;
VU, Vulcano, Bagnato et al. (2011); MA, Masaya, Witt et al. (2008a, b); ETbulk, Etna bulk, Bagnato et al. (2007);
SH, St Helens, Varekamp & Buseck (1986); AR, Arenal, Zimmer et al. (2004); Ballantine et al. (1982); ER, Erebus,
Kyle et al. (1990).
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Hg emission fluxes from geothermal areas
Mercury fluxes from geothermal areas are still
poorly investigated and highly uncertain due to the
complexity of making appropriate measurements
of Hg emissions (e.g. Gustin 2003), but probably
total ≤60 t Hg a21 (Varekamp & Buseck 1986;
Nriagu & Becker 2003; Pyle & Mather 2003).
The Hg/SO2 approach for estimating Hg flux from
volcanoes is not readily applicable to geothermal
sources since the hydrothermal fluids are efficient
sulphur scrubbers and there is no reliable method
for measuring the flux of the dominant form of
sulphur in these systems. In order to define Hg
emission rates from Las Pailas and Las Hornillas
geothermal fields, we interpolated (using the
kriging contouring technique) the site-specific emis-
sion data to obtain contour maps of the Hg depo-
sition flux which, by integration over the entire
area covered by the survey (Fig. 3), allowed cal-
culation of the integrated amount of Hg on a hori-
zontal surface above the fumarolic areas (ng m21).
In order to calculate the Hg fluxes through these
contoured area, the gas rising speed was extrapo-
lated from in situ observations, displaying similar
values to other not over-pressurized fumarolic emis-
sions (Vulcano island, Tamburello et al. 2011;
Campi Flegrei, Aiuppa et al. 2013; Nea Kameni,
Bagnato et al. 2013). By considering a highly vari-
able gas speed of 0.5–1.5 m s21, we estimated a
time-averaged total Hg flux ranging from 0.0008
to 0.0024 t a21 for Las Pailas and from 0.004 to
0.012 t a21 for Las Hornillas emissions (Table 2).
The cumulative Hg flux released from both geo-
thermal fields therefore ranges from 0.005 to
0.014 t a21, appearing less important than the vol-
canic flux from continuous passive degassing and
accounting for a very small proportion of the glo-
bal Hg flux for geothermal emissions (c. 60 t a21;
Varekamp & Buseck 1986).
Discussion
Our measurements provide new information to
the debate on Hg emission from active volca-
nism (Table 4). Worldwide volcanic Hg fluxes
vary widely since volcanoes display a wide range
of activity from continuous to short-lived events,
matched perhaps by their diversity and geographic
distribution. While it has long been known that
volcanoes are important atmospheric sources of
Hg (Varekamp & Buseck 1981, 1986; Bagnato
et al. 2007, 2009a, b, 2011), considerable uncer-
tainty remains about the global volcanic Hg flux
as the available data on volcanogenic Hg emissions
is still sparse and incomplete (Pyle & Mather
2003). Using the database on active and passively
degassing volcanoes of the island arc type, Ander-
son (1975) came up with a value of 100 t a21.
This estimate contrasts with a much lower flux of
3–9 t a21 reported by Unni et al. (1978). From mea-
surements of non-eruptive emissions at Kilauea
(Hawaii), Colima (Mexico), Cascades volcanoes
(Mt Shasta, Mt Hood and Mt St Helens) and Etna
(Italy), Varekamp & Buseck (1986) estimated the
global Hg emission to be 830 t a21. Based on mea-
surements of Hg/S ratios at three volcanoes
(Kilauea, Etna and White Island), Fitzgerald (1986)
was able to derive a global Hg flux of 20–90 t a21.
More recently, Ferrara et al. (2000) used the Hg/S
data for three volcanoes in Italy and Sicily (Etna,
Stromboli and Volcano) to derive a global annual
flux of only 0.6–1.3 t a21. Nriagu & Becker
(2003) derived a global Hg fluxes ranging from
37.6 (from degassing plume) to 57 t a21 (from
explosive activity). More recently, Pyle & Mather
(2003) suggested that Hg contributed annually by
passively degassing volcanoes globally is of the
order 75 t a21 (range 6–900 t a21), or 700 t a21
(range 80–4000 t a21) if considering the total
time-averaged annual emission from degassing
and erupting volcanoes. It is clear from Table 4
that there is a considerable range in estimates of
the total Hg flux from volcanoes. The differences
between previous Hg fluxes principally reflect the
paucity of appropriate data on Hg in volcanic emis-
sions and the ways that previous authors inter-
preted published data on volcanic Hg.
Table 2 summarizes our new observations on
passive volcanic degassing, as well as previously
published work. If considering the 12 volcanoes
reported in Table 2 and referring to plume emis-
sion type, they account for a cumulative SO2 flux
of c. 6 Mt a21 or 62% of the global SO2 volcanic
emissions from continuously passive degassing
volcanoes (9.7 Mt a21; Andres & Kasgnoc 1998).
We can therefore estimate Hg emissions in two
ways: (1) a cumulative Hg emission flux based on
Hg/SO2 ratios and SO2 fluxes at these 12 individual
volcanoes, which amounts to 56 t a21; and (2) a
Table 4. Previous estimates of global volcanic
emission rates of mercury
Source Emission rate, ton Hg a21
Pyle & Mather (2003) 75 (passive degassing) – 700
(explosive activity)
Nriagu & Becker (2003) 37.6 (passive degassing) –
57 (explosive activity)
Varekamp & Buseck (1986) 30 (passive degassing) – 830
(explosive activity)
Ferrara et al. (2000) 0.6–1.3
Fitzgerald (1986) 20–90
Nriagu (1989) 500 (range 30–1000)
Unni et al. (1978) 3–9.0
Anderson (1975) 100
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global Hg emission flux based on the globally aver-
aged Hg/SO2 ratio of 7.8 × 1026 (+1.5 × 1026; 1
SE, n ¼ 13) and the global volcanic SO2 flux
of 9.7 Mt a21 (Andres & Kasgnoc 1998). While
Andres & Kasgnoc (1998) did not present an uncer-
tainty budget associated with their 9.7 Mt a21 SO2
flux estimate, a second study on volcanic SO2
fluxes proposed an uncertainty of 35% relative stan-
dard deviation (Graf et al. 1997) and is widely con-
sidered as appropriate (Schmidt et al. 2012). By
combining our updated average Hg/SO2 plume
mass ratio for quiescent volcanic activity of 7.8 ×
1026 (+1.5 × 1026; 1 SE, n ¼ 13) (Table 2) and
the uncertainties on SO2 flux we therefore obtain
a global volcanic Hg flux from continuous passive
degassing of 76+ 30 t a21 (Table 2). Our estimate
is similar to that of Pyle & Mather (2003), but for
the first time includes an estimate of uncertainty.
Since the global SO2 emission rate used in
this calculation (9.7 Mt a21; Andres & Kasgnoc
1998) represents open-conduit passive degassing,
the total Hg flux from volcanoes during strong erup-
tive events may be even larger than that provided
by the reported data in this study (Roos-Barraclough
et al. 2002; Schuster et al. 2002).
The measurements of gas emissions from closed-
conduit volcanoes in a fumarolic-stage of activity
and geothermal emissions suggest a much smaller
flux of Hg released from these activities. We esti-
mated a cumulative Hg flux from three closed-
conduit volcanoes (Aso, Mutnovsky and Poa´s; this
study) and both geothermal fields (Las Pailas and
Las Hornillas; this study) of c. 1 t a21 (Table 2). If
we also consider Hg fluxes from various quiescent
degassing closed-conduit volcanoes in a fumarolic
stage of activity recently reported in literature
(0.55–0.65 t a21; Bagnatoetal.2011), ourestimated
cumulative Hg flux from closed-conduit volcanoes
would increase to c. 1.6 t a21 (c. 2% of our estimate
of the yearly global Hg emission from passive
degassing volcanoes). Although comprising a mar-
ginal contribution to the global volcanic non-erup-
tive Hg emissions from closed-conduit degassing
volcanoes, these new data represent the first avail-
able assessment of Hg emissions directly sampled
at these locations. The minor Hg input from closed-
conduit volcanoes in fumarolic-stage of activity
compared to open-conduit volcanoes mainly reflects
different SO2 degassing rates and the role played
by the omnipresent wall-rock–gas and water–gas
interactions, which potentially favour Hg deposition
in the hydrothermal envelope (Figs 5 & 6).
Concluding remarks
This study provides new information to expand
the limited database of volcanic Hg emissions
and allows some inferences to be made regarding
the quality of previous estimates of global vol-
canic Hg inventories. A critical assessment of
the published literature suggests that some global
Hg emission estimates are likely to be significantly
underestimated. We demonstrate that volcanic
degassing is an important component of the global
atmospheric Hg budget, even when only consider-
ing quiescent phases of volcanic activity. Using
our dataset in tandem with literature information, we
propose a mean Hg/SO2 mass ratio of c. 7.8 × 1026
(+1.5 × 1026; 1 SE, n ¼ 13) from quiescent degas-
sing volcanoes as representative of gas emissions
from the open-conduit degassing volcanoes used
in this study. Taking into account the uncertainty
in global SO2 emissions, we derive a global volca-
nic Hg flux from quiescent volcanoes of c. 76
(+30) t a21, which is comparable to previous lit-
erature estimates. Our analysis suggests that vol-
canoes in a state of passive degassing represent
an important contribution to global volcanic mer-
cury emissions into the atmosphere. It is therefore
likely that volcanic contributions to the global
atmospheric Hg budget will be even more important
during large eruptive events. For this reason, the
measurement of Hg in eruptive gases is a priority
for future research.
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Abstract High-precision mercury (Hg) stable isotopic anal-
ysis requires relatively large amounts of Hg (>10 ng).
Consequently, the extraction of Hg from natural samples
with low Hg concentrations (<1–20 ng/g) by wet chemistry
is challenging. Combustion–trapping techniques have been
shown to be an appropriate alternative [1]. Here, we detail a
modified off-line Hg pre-concentration protocol that is based
on combustion and trapping. Hg in solid samples is thermal-
ly reduced and volatilized in a pure O2 stream using a
temperature-programmed combustion furnace. A second fur-
nace, kept at 1,000 °C, decomposes combustion products
into H2O, CO2, SO2, etc. The O2 carrier gas, including
combustion products and elemental Hg, is then purged into
a 40 % (v/v) acid-trapping solution. The method was opti-
mized by assessing the variations of Hg pre-concentration
efficiency and Hg isotopic compositions as a function of acid
ratio, gas flow rate, and temperature ramp rate for two
certified reference materials of bituminous coals. Acid ratios
of 2HNO3/1HCl (v/v), 25 mL/min O2 flow rate, and a
dynamic temperature ramp rate (15 °C/min for 25–150 and
600–900 °C; 2.5 °C/min for 150–600 °C) were found to give
optimal results. Hg step-release experiments indicated that
significant Hg isotopic fractionation occurred during sample
combustion. However, no systematic dependence of Hg
isotopic compositions on Hg recovery (81–102 %) was ob-
served. The tested 340 samples including coal, coal-associated
rocks, fly ash, bottom ash, peat, and black shale sediments
with Hg concentrations varying from <5 ng/g to 10 μg/g
showed that most Hg recoveries were within the acceptable
range of 80–120 %. This protocol has the advantages of a
short sample processing time (∼3.5 h) and limited trans-
fer of residual sample matrix into the Hg trapping
solution. This in turn limits matrix interferences on the
Hg reduction efficiency of the cold vapor generator used
for Hg isotopic analysis.
Keywords Mercury isotopes . Inductively coupled plasma
mass spectrometry . Combustion . Coal . Peat . Black shale
Introduction
For over a decade, multi-collector inductively coupled plasma
mass spectrometry (MC-ICPMS) and associated techniques
(e.g., sample preparation, purification, and introduction) have
become the standard in high-precision measurement of mer-
cury (Hg) stable isotopic ratios [2–5]. Approximately 10‰
variation in both mass-dependent Hg isotopic fractionation
(MDF, expressed as δ202Hg) and mass-independent fraction-
ation (MIF, expressed here as Δ199Hg) has been observed in
different environmental compartments and upon controlled
experiments [6–8]. Hg MDF and MIF have been shown to
be useful tracers for a variety of natural and anthropogenic Hg
sources and Hg transformations [9–11]. For high-precision
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(∼0.1‰ 2σ on δ202Hg) Hg isotopic ratio measurement, MC-
ICPMS requires stable and continuous introduction of ele-
mental Hg(0) vapor into the plasma ionization source. This
is typically achieved by coupling a cold vapor (CV) generator
in which sample solution Hg(II) is reduced into Hg(0) vapor
by stannous chloride (SnCl2). CV generator in turn requires
appropriate sample preparation to quantitatively transform
original sample matrix Hg into soluble ionic Hg(II).
Wet acid digestion using hot plates, microwave, or high
T/P equipment is a classic protocol to extract trace metals
from powdered solid samples and has been extensively ap-
plied to Hg for subsequent Hg isotopic determination [5,
12–14]. Wet chemistry has the advantages of being rapid
and widely available but also has disadvantages. For some
geo-environmental samples in which Hg resides in acid-
resistant, insoluble refractory matrix components, acids
may not effectively extract Hg from samples [15, 16]. In
parallel, acid digestion solubilizes a large fraction of the
matrix which may inhibit the Hg reduction rate in the CV
generator and affect CV generator washout characteristics.
Inefficient CV generation or insufficient washout biases Hg
isotopic measurements. Finally, in a range of natural mate-
rials (e.g., igneous and metamorphic rocks, soils, peat, sed-
iments, industrial waste or products, or biological matrices)
Hg is present at trace levels (<1–20 ng/g). Therefore, the
order of 0.5–10 g sample is needed to obtain sufficient Hg
(>10 ng) for high-precision isotopic ratio analysis. This
would require large volumes of acid to solubilize Hg and
additional processing steps (e.g., transfer, centrifugation,
filtration, evaporation, or dilution). Consequently, the solu-
ble matrix to Hg ratio is even higher, blanks are higher, final
solution Hg concentrations are near or below CV-MC-
ICPMS detection limit, and overall risk of isotopic measure-
ment bias is higher.
A combustion (or pyrolysis) and trapping method, which
thermally reduces matrix Hg(II) in solid samples to Hg(0)
vapor followed by purging and pre-concentration into a
liquid trap, has been shown to be a viable alternative protocol
for Hg purification and pre-concentration [1, 17, 18]. The
combustion step uses two in-series tube furnaces. Samples,
introduced in ceramic boats and covered with sodium car-
bonate and alumina, are slowly heated from room tempera-
ture to 1,000 °C in the first furnace. The second furnace is
constantly held at 1,000 °C and acts as a decomposition
furnace for large volatile (organic) compounds. In the orig-
inal method, different gases (Ar, O2, air) can be introduced
into both furnaces. At the outlet of the second furnace, the
carrier gas containing Hg(0) vapor and decomposed products
(CO2, CO, H2O, SO2, etc.) are purged into a liquid trap made
up of 1 wt% KMnO4 in 1.8 M H2SO4 [1]. This method
typically assures full recovery of sample Hg and has been
applied to a range of geo-environmental samples with Hg
concentrations spanning from several nanogram per gram to
several hundreds microgram per gram [1, 17, 19, 20]. It has
also been shown that for Hg recoveries down to 50 %, no
significant Hg isotopic fractionation takes place [21].
Here, we test and characterize in detail a similar but sim-
plified combustion and trapping method, with major modifi-
cations of temperature ramping rate, sample loading approach,
carrier gas type, and trapping solution type. Our combustion–
trapping assembly was optimized and its performance was
evaluated by testing-certified reference materials (CRMs) of
bituminous coal (NIST SRM 1632d and NIST SRM 2685b)
and geo-environmental samples (coal, coal-associated rocks,
bottom ash, fly ash, black shale, and peat) with Hg levels
varying form <5 ng/g to 10 μg/g. Hg recoveries of samples
were assessed and the effect of Hg recovery on reproducibility
of Hg isotopic ratios was investigated.
Experimental section
Reagents and materials
Milli-Q water (18.2 MΩ) was used for all dilutions.
Commercial concentrated HCl (Analab NORMAPUR) and
HNO3 (Analab NORMAPUR) were purified through a
subboiling system to produce double-distilled 10 M HCl and
15 M HNO3. ACS reagent-grade SnCl2 (>98 % purity) was
dissolved into hot concentrated HCl to prepare SnCl2 solution
and diluted to 3 % (w/v) for MC-ICPMS and 20 % (w/v) for
cold vapor atomic fluorescence spectrometry (CV-AFS) anal-
ysis. NIST SRM 3133 Hg standard (10 μg/g) was diluted and
used to calibrate CV-AFS Hg concentration measurements
and bracket samples during Hg isotopic determination by
MC-ICPMS. The solid CRMs are two bituminous coals
(NIST SRM 1632d and NIST SRM 2685b) distributed by
the National Institute of Standards and Technology.
Analytical protocol
The following protocol is proposed for high-efficiency Hg
pre-concentration from solid sample for Hg isotopic deter-
mination. Solid samples were firstly determined on a direct
mercury analyzer (DMA, Milestone DMA-80) for Hg con-
centrations in order to determine the samples mass introduc-
ing into combustion furnace. Following combustion–trap-
ping processes, a CV-AFS (Brooks Rand Model III) was
used to determine Hg concentrations in trapping solutions.
By comparing introduced solid sample Hg mass (sample
mass×Hg concentration determined by DMA) and measured
Hg mass (trapping solution mass×Hg concentration deter-
mined by AFS), the recovery of Hg pre-concentration from
solid samples was calculated. For samples with acceptable
Hg recoveries, generally within the 80–120 % range, subse-
quent Hg isotopic determination was performed. This range
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reflects the long-term uncertainty of Hg concentration mea-
surement in solid samples by DMA (±10 %, 2 RSD) and in
trapping solutions by AFS (±10 %, 2 RSD).
Hg concentration in solid samples
The DMA-80 instrument was calibrated monthly with bitu-
minous coal NIST 2685b and NIST 1632d at low Hg range
of 0–20 ng (n>10, R2>0.999) and high Hg range of 20–
150 ng (n>8, R2>0.998). Two blank sample boats and two
boats with coal CRMs were run in between ten samples. The
periodically analyzed NIST 2685b and NIST 1632d showed
excellent agreement with their certified values within ±10 %
(2 RSD, n>50). Relative differences of Hg concentrations
for 90 % of replicated samples were within 10 %, indicating
sufficient stability of the instrument and homogeneity of the
samples.
Hg pre-concentration by combustion–trapping assembly
Figure 1 describes the double-stage combustion–trapping as-
sembly. Two tube furnaces (Vecstar Ltd., UK) with a common
quartz tube (24 mmOD, 22mm ID, 1.2 m length) were used in
series as combustion furnace (from ambient temperature ∼25
to 900 °C) and decomposition furnace (held at 1,000 °C),
respectively. A sand-coated gold trap (Brooks Rand) was used
to produce Hg-purified O2 (or air in a small subset of samples).
The O2 was fed into the combustion furnace at a constant flow
rate using a small quartz tube inserted into a silicone stopper
(Versilic® Peroxide-Cured, resistant to 250 °C). Powdered
sample was weighed into a 20-cm length sample quartz tube
(20mmOD and 18mm ID, pre-cleaned at 550 °C) and capped
with quartz wool (pre-cleaned at 550 °C) at both ends to avoid
particle release during combustion of samples. The sample
quartz tube is then inserted into the combustion furnace central
quartz tube.
The trapping device consists of a 60-ml Savillex PFA
impinger (1/4 in. OD tube top and side ports, 33 mm closure)
and an elbow-shaped custom-made fritted glass tube (poros-
ity # 40–100 μm). Thick-walled silicone tubing (10 mm OD,
4 mm ID, replaced for each sample) is used to connect the O2
cleaning gold trap to the furnace tube inlet, and the impinger
elbow to the furnace tube outlet. Aluminum foil is wrapped
around the furnace tube–impinger connection to avoid con-
densation of water and other volatile compounds. O2 carrier
gas and sample combustion products are evacuated from the
impinger outlet to a fume hood. The 60-ml Savillex PFA
impinger vial is adapted to hold the trapping solution, yet
requires a transfer step to a secondary vial for storage and
analysis. Therefore, we replaced the PFA trapping vial with a
homologous 33-mm, 50-ml (68 ml total volume) polypro-
pylene vial (PP, Environmental Express, Ref. #SC475) and
eliminated the transfer step. The PFA/PP impinger was filled
with 30 ml 40 % (v/v, 2HNO3/1HCl) acid-trapping solution.
After a combustion–trapping procedure, the PP trapping vial
was unscrewed from the PFA impinger closure. The acid
residue on the impinger closure and inside the fritted glass
tube was rinsed back into the PP trapping vial with 30 ml
Milli-Q water. The final diluted trapping solution (60 ml,
20 % acid, v/v) was stored at 4 °C prior to subsequent Hg
concentration and Hg isotopic determinations. CV-MC-
ICPMS measurements are made directly on the 20 % acid
solutions in the PP vials that can be fitted into the autosampler.
Acid blanks, procedural blanks, standards, and replicates were
periodically processed with the samples.
For solid samples with low Hg concentrations in 1–10 ng/g
range, we scaled down the impinger design by using narrow
15-ml PP centrifuge tubes (Gosselin X500) that fit directly
into the 60-ml PFA/PP trapping assembly (tube in tube). A
trapping solution volume of 10 ml 40 % (v/v) 2HNO3/1HCl
was used and afterwards diluted during the rinsing step to
20 ml 20 % (v/v) acid solution for Hg isotopic analysis.
Hg concentrations in trapping solutions
Either CV-AFS or CV-MC-ICPMS (Thermo-FinniganNeptune
with CETAC HGX-200) was used to analyze Hg concentra-
tions in 20 % acid-trapping solutions to evaluate Hg pre-
concentration recovery and match Hg concentrations of stan-
dards during sample–standard bracketing. Argon gas for CV-
Fig. 1 Schematic diagram of the combustion–trapping assembly. The gas flow direction is indicated by the dashed arrow. Thick-walled (3 mm)
silicone tubing is used for connecting the outlet of furnace quartz tube to the impinger
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AFS was cleaned in-line using a gold trap. SnCl2 (20 %, w/v)
solution was purged overnight with Ar to eliminate traces of
Hg. CV-AFS was calibrated using 0.1 ng/g NIST 3133 Hg
working standard solution in range of 10–100 pg Hg (n=6,
R2=0.999), and checked against ORSM-5 river water Hg stan-
dard (0.026 ng/g). Hg concentrations in small portions of
sample trapping solutions were determined by CV-MC-
ICPMS by referring to the 202Hg signal intensities of the
trapping solutions relative to that of a 1-ng/g NIST 3133 Hg
standard solution. The final uncertainty of Hg concentration
determination in trapping solutions was estimated to be within
10 % (2 RSD) for both methods.
Hg isotopic analysis
Hg isotopic ratios in trapping solutions were determined by
CV-MC-ICPMS at the Midi-Pyrenees Observatory, Toulouse,
France. NIST 3133 Hg standard and in-house UM-Almaden
standard were matched to the Hg concentration and 20 % acid
(v/v, 2HNO3/1HCl) matrix of the sample solutions within 10%.
An on-line cold vapor generator (CETAC HGX-200) was used
to reduce Hg(II) in the trapping solutions into Hg(0) vapor by
SnCl2 solution (3 %, w/v, in 1 M HCl). The Faraday cups were
positioned to simultaneously collect five Hg isotopes: 202Hg
(H1), 201Hg (C), 200Hg (L1), 199Hg (L2), and 198Hg (L3). The
instrumental baseline wasmeasured by de-focusing before each
sample and standard. Acquisition time for Hg isotopic mea-
surements was 12 min (12 blocks, 7 cycles, 8 s integration
time). In between samples, the 8-min washout time was suffi-
cient to ensure that the blank levels were <1 % of the preceding
sample or bracketed standard signals. For optimum washout,
we recommend regular (typically weekly) cleaning of the
HGX-200 gas–liquid separator in 50 % HNO3 (v/v, 12 h at
120 °C) and replacement of the 1.0 μm Teflon filter. The
sample introduction flow rate of the peristaltic pump was
optimized by verifying the linearity of sample flow rate (0.25,
0.50, 0.75, and 1.0 ml/min) versus 202Hg signal intensity.
Incomplete Hg(II) reduction was progressively observed at
0.75 and 1.0 ml/min, and therefore the sample flow rate was
set at 0.5 ml/min to avoid analytical artifacts. This typically
gave an instrumental sensitivity of 1 Von 202Hg for 2 ng/g Hg
solutions (Table 1).
Instrumental mass bias of MC-ICPMS was corrected by
the standard–sample bracketing method (SSB). The Hg iso-
topic ratios corrected by SSB have been shown to give
comparable accuracy and precision as mass bias correction
using a thallium internal standard [22, 23]. Hg isotopic ratios
of UM-Almaden and NIST 1632d corrected by SSB in this
study are also in excellent agreement with our previous
values corrected by thallium [16]. In the SSB method, the
mass bias of an unknown sample (f smp) is linearly interpo-
lated between those of two NIST 3133 standards that mea-
sured before (f std1) and after (f std2) sample:
f smp ¼ f
std1 þ f std2
2
ð1Þ
Instrumental mass fractionation in MC-ICPMS is optimal-
ly accounted for by an exponential law. Following Albarede
and Beard [24], we can express the measured (xxx/198Rm) and
true (xxx/198RT) isotopic ratios of Hg as follows:
xxx=198Rm
xxx=198RT
¼
xxxM
198M
  f
ð2Þ
in whichM is the isotopic mass and XXX is Hg isotopic mass
number between 199 and 202. Expressing Eq. 2 for a sample
and two NIST 3133 standards, and then dividing the equation
of standard by sample, we obtain:
xxx=198Rsam
T
xxx=198Rstd1
T
¼
xxx=198Rsmpm
xxx=198Rstd1m
xxxM
198M
 
f std1− f smp ð3Þ
xxx=198Rsam
T
xxx=198Rstd1
T
¼
xxx=198Rsmpm
xxx=198Rstd1m
xxxM
198M
 
f std2− f smp ð4Þ
Table 1 Analytical settings of CV-MC-ICPMS (Thermo-Finnigan Neptune)
RF power 1,200 W Data acquisition 12 min (12 blocks, 7 cycles, 8 s
integration time)
Mass bias correction Standard–sample bracketing Washout time 8 min
Sample gas rate 0.65 l/min Ar Cups configuration 202Hg (H1), 201Hg (C), 200Hg (L1),
199Hg (L2), and 198Hg (L3)
Auxiliary gas rate 0.70 l/min Ar Sample uptake 0.5 ml/min by peristaltic pump
Additional gas rate 0.35 l/min Ar Sensitivity (202Hg) 0.5 V per ng/g Hg solution
Cold vapor generator CETAC HGX-200 using 3 % (w/v) Sncl2 in
10 % (v/v) bi-distilled HCl
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Multiply these two equations gives:
xxx=198Rsmp
T
xxx=198Rstd
T
¼
xxx=198Rsammﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
xxx=198Rstd1m xxx=198Rstd2m
q ð5Þ
Hg isotopic composition is reported in delta notation (δ) in
units of per mil referenced to the bracketed NIST 3133 Hg
standard [4], which is expressed as:
δXXXHgsmp ‰ð Þ ¼
xxx=198Rsmp
T
xxx=198Rstd
T
−1
 !
 1; 000
¼
xxx=198Rsmpmﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
xxx=198Rstd 1m xxx=198Rstd2m
q −1
0
B@
1
CA 1; 000 ð6Þ
MIF values are indicated by “capital delta (Δ)” notation
(in per mil), which are the differences between the measured
values of δ199Hg, δ200Hg, δ201Hg, and those predicted from
δ202Hg using the kinetic MDF law [4]:
ΔxxxHg ¼ δxxxHg−βxxx  δ202Hg ð7Þ
where the mass-dependent scaling factor βxxx is 0.252 for
199Hg, 0.502 for 200Hg, and 0.752 for 201Hg.
Results and discussion
Uncertainty of Hg isotopic determination
The typical internal precision of Hg isotopic ratios (e.g.,
202Hg/198Hg) was <0.03‰ (SE) for individual analysis at
1 ng/g Hg solution and <0.05‰ at 0.5 ng/g Hg solution.
Repeated analyses of the UM-Almaden standard in different
analysis sessions at various Hg concentrations (0.5–2.5 ng/g
in 20 % 2HNO3/1HCl) gave an average value of −0.
59±0.11‰ (2 SD, n=22) for δ202Hg and −0.03±0.08‰ (2
SD, n=22) forΔ199Hg (Fig. 2), in agreement with published
values [4]. The 2 SD uncertainty of the isotopic compositions
of the UM-Almaden was taken as the analytic uncertainty of
sample isotopic compositions. If uncertainty of the isotopic
compositions associated with sample replicates was larger
than this uncertainty, the uncertainty associated with sample
replicates applied.
Optimization of combustion–trapping assembly
The combustion–trapping assembly was optimized to quan-
titatively trap Hg released from solid samples. Trapping
solutions of a series of acid ratios (i.e., HNO3/HCl, v/v) were
first tested to find the optimized acid composition for Hg pre-
concentration (Table 2). Five equivalent aliquots (∼1 g) of
coal standard NIST 1632d were processed using the same
combustion–trapping assembly and trapped, respectively,
into 40 % (v/v) acid solutions with HCl/HNO3 ratios of 1/3,
1/2, 1/1, 2/1, and 3/1. Recoveries ranged from 75 to 91 % did
not statistically correlate with HCl/HNO3 ratios. δ
202Hg
values of all NIST 1632d trapping solutions except the one
with HCl/HNO3 of 2/1 (i.e., 1632d-C-4 in Table 2) fall into
the δ202Hg range of its predecessor NIST 1632c reported
elsewhere [20, 25]. We selected the trapping solution with
HNO3/HCl ratio of 2/1 for all further experiments.
Because the O2 flow rate and temperature ramp rate of the
combustion furnace determine the Hg release rate from sam-
ples and the degree of sample decomposition, it is possible
that these variables also affect the Hg trapping efficiency.
Different temperature ramp rates (1.5, 2.0, and 2.5 °C/min)
and O2 flow rates (15 and 25 ml/min) were tested (Table 2).
However, no statistical difference (P>0.1) was observed in
Hg recovery for CRMs combusted under different condi-
tions. We also substituted compressed air for O2 and found
that air cannot always completely decompose the coal com-
bustion products. This resulted in black deposits (probably
soot derived from incomplete combustion of hydrocarbons
[26]) on the furnace quartz tube and inside the impinger.
Visible soot anywhere in the system is a criterion to invali-
date a sample and obligatorily requires a system clean up to
preclude the associated matrix interferences. In addition,
significantly lower recoveries were observed for one NIST
1632d (i.e., A-1632d-1 in Table 2) combusted in air. For full
decomposition of samples and time-saving purpose, we used
the faster O2 flow rate of 25 ml/min and temperature ramp
rate of 2.5 °C/min (6-h scheme) in our early-stage samples
(∼200 samples in Fig. 3).
Hg concentrations in acid blanks and procedural blanks
prepared along with samples were consistently <0.03 ng/g
Fig. 2 δ202Hg and Δ199Hg values of in-house UM-Almaden standard
(0.5–2.5 ng/g Hg in 20 % 2HNO3/1HCl) repeatedly analyzed during
different MC-ICP-MS sessions. The average values for δ202Hg
(−0.59±0.11‰, 2 SD, n=22) and Δ199Hg (−0.03±0.08‰, 2 SD,
n=22) are denoted by the dashed lines
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(0.02±0.02 ng/g, 1 SD, n=10) which is insignificant (<5 %)
as compared to trapping solutions of combusted CRMs and
samples. In addition, a second impinger was connected in
series to monitor possible breakthrough of Hg vapor from the
main trapping impinger. No breakthrough was observed.
Finally, the combustion residues of solid samples collected
after furnace cool down also contained negligible Hg. These
observations indicate that sample Hg was completely vola-
tilized and quantitatively trapped.
Hg step-release experiment
Although the 2.5 °C/min temperature ramp rate decreased
the combustion time of samples to 6 h in temperature range
of 25–900 °C, this is still rather time consuming for process-
ing one sample. It has been shown that the Hg release rate in
solid samples including coal, sediments, and ores is a func-
tion of temperature, with most of the Hg volatilizing over the
temperature range of 150–600 °C [27, 28]. This implies that
higher temperature ramp rates may be used over temperature
ranges where little Hg is released. To this end, the amount of
Hg released over different temperature ranges were moni-
tored to obtain a time- and energy-saving temperature ramp
rate. One Chinese lignite sample (WL-lignite) and one bitu-
minous coal standard (NIST 1632d) were selected (Table 3).
An aliquot of ∼0.5 g homogeneous WL-lignite and ∼2.5 g
NIST 1632dwere combusted separately using the 6-h scheme,
and the amount of volatilized Hg over temperature ranges
of 25–150, 150–275, 275–400, 400–550, 550–700, and
700–900 °C was collected consecutively by six sets of
trapping solutions (WL-S-1 to WL-S-6 for WL-lignite and
1632d-S-1 to 1632d-S-6 for NIST 1632d) (Table 3).
The six-step trapping solutions recovered >80 % (87 % for
lignite and 81 % for bituminous coal) of the theoretic coal Hg
mass introduced into the combustion furnace (Table 3). Both
sets of experiment show that >85 % Hg in coal volatilized at
temperatures of 150–550 °C and little Hg volatilized at
<150 °C and >700 °C (Table 3 and Fig. 4). Out of these six-
step trapping solutions, only three had sufficient Hg for isoto-
pic determination. The average isotopic compositions (weight-
ed by Hg percent of each fraction) of each three-step fractions
are in agreement with the bulk WL-lignite or NIST 1632d
isotopic composition within analytic uncertainty, demonstrat-
ing an excellent isotopic closure (Table 3). Based on this, we
adopted a 15 °C/min ramp rate for temperature ranges <150
and >600 °C, and 2.5 °C/min for 150–600 °C for our late-stage
processed samples (∼140 samples in Fig. 3). This decreased
the combustion time of sample to ∼3.5 h (3.5-h scheme). By
comparing the Hg recovery and isotopic compositions of NIST
1632d between 6- and 3.5-h schemes, no distinguishable dif-
ference was observed (Table 2). Temperature ramp rates in
excess of 15 °C/min are not recommended for coal and peat
samples due to incomplete decomposition of combustion
products released over short time periods, resulting in
accumulation of black deposits on combustion–trapping
assembly.
Sample recovery
The recoveries of 340 samples processed by combustion–
trapping method during period of August 2011–March 2013
are summarized in Fig. 3. These samples include 126 coal
samples of different ranks (lignite, bituminous coal and
anthracite), different applications (steam coal, coking coal,
and domestic cooking coal), and different coal-producing
regions (China, India, USA, South Africa, Russia, and
Europe); 120 peat samples from the ombrotrophic Pinet peat
bog in the French Pyrenees; and 57 black shale samples from
a variety of locations. The remaining samples included coal-
associated rocks (parting, roof, and floor), coal combustion,
and waste products (fly and bottom ash) sampled at coal-
fired power plants. Hg concentrations in these samples var-
ied from <5 ng/g (bottom ash) to up to 10 μg/g (lignite), and
in 20 % trapping solutions from 0.5 to 5 ng/g. The recoveries
of all samples ranged from 52 to 136 %. However, the
recoveries for 72 % of samples were within our acceptable
range of 80–120 %. Both mean and median of the recoveries
for each group of samples exceed 85 %. In addition, the
samples with 70–80 % recoveries accounted for the second
Fig. 3 Graphical representation of Hg pre-concentration recoveries of
340 samples. A normal curve was fitted to each samples type and is
aligned to the left of the corresponding boxplot. The horizontal lines at
the bottom, middle, and top of each boxplot are the lower quartile
(below which 25 % lowest values are found), median, and upper
quartile (above which 25 % highest values are found), respectively.
The box height (the difference between lower quartile and upper quar-
tile) is defined as interquartile range (IQR). The data points either
greater than the upper quartile +1.5 IQR or less than the lower quartile
−1.5 IQR are considered to be extreme values. The acceptable recovery
range of 80–120 %, based on analytical uncertainties of Hg concentra-
tions, is indicated between two dashed lines
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largest proportion of 17 %. The recoveries that were slightly
lower or higher than the acceptable range were possibly
affected by the inherent heterogeneity of solid samples. We
typically reanalyze recovery outliers for Hg concentration on
the DMA-80 before re-combusting them.
Hg release rate and isotopic fractionation during combustion
processes
The Hg step-release experiment indicates that the Hg release
rate is coal rank-specific. Hg in lignite was volatilized earlier
than Hg in bituminous coal, with 10 versus <1 % at 150–
300 °C (Fig. 4). Above 550 °C, only 4 % of Hg was still
retained in lignite, whereas up to 16 % in bituminous coal.
The most effective Hg release ranges for lignite and bitumi-
nous coal are 275–400 and 400–550 °C, respectively, over
which >60 % Hg was volatilized. The variable Hg release
rates in different coal ranks are possibly a reflection of
different Hg-bound forms in coal. According to other Hg
release experiments of coal pyrolysis, organic-bound Hg was
released first followed by sulfide- (mainly pyrite-) bound Hg
and then silicate-bound Hg [27, 29]. Lefticariu et al. [20]
showed that different coal fractions may carry different Hg
isotope signatures. In Illinois coals, the epigenetic pyrite
fractions have circum-zero δ202Hg and Δ199Hg values,
which are respectively 0.9–1.3 and 0.04–0.15‰ higher than
their corresponding organic-enrich fractions, demonstrating
a significant Hg isotopic distinction between organic- and
inorganic-bound Hg in coal. In our two sets of Hg step-
release experiments, both δ202Hg and Δ199Hg showed sig-
nificant differences between selected step fractions and bulk
coal (Fig. 5). The step fractions of lignite were fractionated
between –0.28 and 0.18‰ (δ202Hg) relative to bulk lignite,
Table 3 Hg volatilization fractions and isotopic compositions in different step trapping solutions and bulk samples during Hg step-release
experiment for lignite (WL-lignite) and bituminous (NIST 1632d)
T (°C) Sample ID Hg mass (ng) Fraction (%) No.a δ202Hg (‰) 2σ (‰) Δ199Hg (‰) 2σ (‰) Δ201Hg (‰) 2σ (‰)
25–150 WL-S-1 0.53 0.19
150–275 WL-S-2 27.2 10 1 −3.02 0.44 0.28
275–400 WL-S-3 172 63 1 −3.35 0.31 0.23
400–550 WL-S-4 62 23 1 −2.90 0.18 0.07
550–700 WL-S-5 7.3 3
700–900 WL-S-6 3.1 1.1
Sumb 272 100 −3.08 0.28 0.19
WL-Lignite 3 −3.07 0.12 0.21 0.05 0.13 0.10
25–150 1632d-S-1 1.30 0.72
150–275 1632d-S-2 1.36 0.75
275–400 1632d-S-3 24.2 13.3 1 −2.39 0.16 0.06 0.07 0.13 0.03
400–550 1632d-S-4 126 70 1 −1.56 0.10 −0.03 0.01 0.01 0.12
550–700 1632d-S-5 25.8 14.2 1 −1.10 0.03 −0.01 0.01 0.11 0.24
700–900 1632d-S-6 2.5 1.4
Sumb 181 100 −1.56 −0.01 0.04
NIST 1632dc −1.82 0.22 −0.03 0.05 −0.03 0.10
a Number of Hg isotopic measurement for one sample trapping solution
b Hg isotopic values are the average of three-step trapping solutions weighted by their corresponding Hg fractions
c Long-term average values
Fig. 4 Hg volatilization fractions trapped by step trapping solutions
over different temperature ranges. The sum of all Hg fractions is
normalized to 100 %. WL-lignite is a lignite sample from China and
NIST 1632d is a bituminous CRM from the USA
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while the step fractions of bituminous coal were fractionated
between –0.57 and 0.72‰ (δ202Hg) relative to bulk bitumi-
nous coal (Fig. 5). There is no difference in Δ199Hg values
between step fractions and bulk bituminous coal within the
analytic uncertainty. However, Δ199Hg is shifted by 0.23‰
for one-step fraction of lignite (150–275 °C) relative to bulk
lignite (Fig. 5).
The observed Hg isotopic variation among three-step frac-
tions may be explained by species-specific isotopic variation
in coal and/or isotopic fractionation during combustion pro-
cesses. As the combustion does not induce MIF [16], the
observed Δ199Hg variation for different step fractions should
reflect the progressive combustion of different Hg-bound
fractions in coal. There is a decrease in Δ199Hg values (from
0.44 to 0.18±0.08‰, 2 SD) for lignite step fractions with the
increase of temperature as compared to the constant values for
bituminous coal step fractions. The NIST 1632d bituminous
coal is a washed coal with reduced ash level (∼7 wt%) and is
expected to have a more homogeneous organic-dominated Hg
speciation. WL-lignite is a raw coal sample without artificial
processing. In contrast to the small, unsystematic δ202Hg
variation in lignite step fractions, δ202Hg values in bituminous
coal step fractions increased significantly with increasing
temperature. This suggests a Rayleigh-type Hg isotopic
MDF for bituminous coal during combustion processes.
Although we only had three observations for bituminous coal
Hg step-release experiment and the fractionation factor was
potentially variable, we still could fit a fractionation factor for
δ202Hg (202/198α=0.99976±0.00002, 1 SE) between volatil-
ized Hg and residual Hg. This value approximates the theo-
retically estimated fractionation factor of 0.99976 between
various Hg compounds and Hg vapor at 300 °C [30]. We
cannot exclude however that NIST 1632d has a heterogeneous
δ202Hg distribution and homogeneous Δ199Hg distribution
across its different released Hg fractions.
The effect of Hg pre-concentration recovery on isotopic
composition
The Hg step-release experiment showed that different temper-
atures release Hg with variable isotope signatures. Therefore,
the isotopic compositions of samples for which Hg was not
quantitatively trapped possibly deviated from their true
values. Variations of both δ202Hg and Δ199Hg for NIST
1632d and 2685b as a function of Hg recovery are shown in
Fig. 6. Within the Hg recovery range of 83–102 % for NIST
1632d and 81–100 % for NIST 2685b, both δ202Hg and
Δ199Hg showed no systematic variation. For NIST 1632d,
δ202Hg varied from −2.03±0.12 to –1.69±0.11 (2 SD) with an
average value of −1.82±0.22 (2 SD, n=8) andΔ199Hg varied
from −0.07±0.08 to 0.00±0.08 (2 SD) with an average value
of −0.03±0.05 (2 SD, n=8). These values are in accordance
with its predecessor NIST 1632c (−1.86±0.13 for δ202Hg and
−0.03±0.10 for Δ199Hg, 2 SD) within measurement uncer-
tainty [20, 25]. For NIST 2685b, δ202Hg varied from
−2.91±0.11 to −2.66±0.11 (2 SD) with an average value of
2.75±0.18 (2 SD, n=8) andΔ199Hg varied from −0.06±0.08
to 0.01±0.08 (2 SD) with an average value of 0.00±0.05
(2 SD, n=8). Given that sample combustion residues
and impinger exhaust gases did not contain any Hg,
we speculate that the average 92 % Hg recovery reflects
minor loss of Hg at the connection of furnace tube and
impinger at a temperature that is high enough to avoid
Hg isotopic fractionation.
Fig. 5 δ202Hg and Δ199Hg values of three-step trapping solutions
under different temperature ranges. The shaded regions are δ202Hg
and Δ199Hg values for bulk coals (dotted line border for WL-lignite;
dashed line border for NIST 1632d). WL-lignite is a lignite sample
from China and NIST 1632d is a bituminous CRM from the USA
Fig. 6 Variations of δ202Hg andΔ199Hg for NIST 1632d and 2685b as
a function of Hg recovery. The average δ202Hg and Δ199Hg values are
indicated by the dashed lines (NIST 1632d) and dotted lines (NIST
2685b). The isotopic compositions of NIST 1632d trapped by acids
other than 2HN O3/1HCl are not included
A double-stage tube furnace—acid-trapping protocol 6779
262
Problems and suggestions
Early combustion experiments were attempted using two sep-
arate quartz tubes for each furnace, using a ball connection.
This resulted in low Hg recovery due to gas leaks. Use of a
single quartz tube and silicone connections is recommended.
Other tube furnace types, other than the 2,000-WVecstar used
in this work, have been used by our group. Lab space and
energy can be saved by using smaller furnaces such as the
1,300-W Barnstead and 400-W Carbolite furnaces.
Iodine interference
The combustion–trapping method limits carry-over of sam-
ple matrix components to the trapping solution. However, we
found that some volatile elements, such as iodine, are partially
transferred to the trapping solution and strongly perturbed CV-
AFS and CV-MC-ICPMS analysis. Two sapropel samples
(90–100 ng/g Hg) and three coal samples (500–650 ng/g
Hg) treated with diiodomethane (CH2I2) in an attempt to
separate the mineral and organic fractions gave systematic
<50 and <30 % recoveries, respectively. The extremely low
recoveries for these samples are suspected to be caused by
iodide interference during Hg determination. High iodide
concentrations in the sample solutions are known to decrease
the reduction efficiency of Hg(II) by SnCl2 [31]. Marine
sapropels may enrich iodine up to 150 μg/g, whereas coal
commonly has iodine concentrations in the range of 0.5–
15 μg/g as most of its original iodine was lost during diagen-
esis and metamorphic processes [32–34]. An attempt to ana-
lyze the iodine-rich trapping solution of the CH2I2-treated coal
fraction for its Hg isotopic composition resulted in complete
failure of the HGX-200 CV generator. CV-MC-ICPMS signal
stabilization increased from the typical 2 to 10 min, while
washout (<1 %) increased from the typical 5 to 20 min. Hg
isotopic measurements were highly biased. We suspect that
iodine precipitates or adsorbs to the HGX-200 glass reactor
and provides a cation exchange site that strongly fractionates
Hg isotopes. Overnight cleaning of the HGX-200 glass reactor
in 50%HNO3 (v/v) at 120 °C and changing the 1.0 μmTeflon
filter restored the HGX-200 to optimal running conditions.
Sample loading mass
The mass of samples loaded into the sample quartz tubes
depends on Hg concentrations in samples and varied from
0.1 g for coal to 10 g for bottom ash. Because of abundant
volatile matters in coal, the loadingmass of coal samples should
be strictly controlled. According to our experience, >4 g of coal
sample exceeds the oxidation ability of the decomposition
furnace and resulted in black deposits on the combustion–
trapping assembly. Mixing of coal samples with sodium car-
bonate and alumina could be useful to inhibit the vigorous
release of coal particles through formation of sinter [1] when
high mass of coal samples or other organic material needs to be
combusted.
Conclusions
In this contribution, we detailed a modified combustion–
trapping protocol to purify and pre-concentrate Hg for iso-
topic analysis from various kinds of solid samples with Hg
levels varying from <5 ng/g to 10 μg/g. Key aspects of the
method are an optimized sample combustion time, use of an
oxidizing trapping solution that can be directly analyzed by
CV-MC-ICPMS, and a sufficient Hg trapping efficiency to
avoid Hg isotopic fractionation artifacts. We recommend to
use a 40 % (v/v) 2HNO3/1HCl acid-trapping solution,
25 ml/min O2 flow rate as carry gas, and dynamic tempera-
ture programming (15 °C/min for 25–150 and 600–900 °C;
2.5 °C/min for 150–600 °C) as ramp scheme for the first
combustion furnace. After dilution to 20 % (v/v) acid, the
trapping solution can be analyzed directly by CV-MC-
ICPMS. The 340 samples combusted over ∼20 months dem-
onstrate that this method can achieve a median 89 % recov-
ery for most of samples. Within the Hg recovery range of 81–
102 %, no significant Hg isotopic fractionation was observed
for CRMs. Special attention should be paid to iodine-rich sam-
ples, which possibly interfere with Hg isotopic determination.
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chapter sample type c(Hg) unit δ
202
Hg (‰) Δ
199
Hg (‰) Δ
200
Hg (‰) Δ
201
Hg (‰) Δ
204
Hg (‰) comment 
 
n = 331 
       
sampling periods 
1 GEM - Pinet A 1.15 ng m
-3
 0.95 -0.20 -0.06 -0.17 -0.04 10 - 18/07/2014 
1 GEM - Pinet B 0.98 ng m
-3
 1.16 -0.09 -0.04 -0.05 0.01 10 - 18/07/2014 
1 GEM - Pinet C 0.92 ng m
-3
 1.20 -0.18 -0.03 -0.17 -0.01 18 - 24/07/2014 
1 GEM - Pinet D 1.23 ng m
-3
 1.20 -0.10 -0.02 -0.05 0.01 18 - 24/07/2014 
1 GEM - Pinet E 1.32 ng m
-3
 1.26 -0.12 -0.01 -0.12 0.08 24 - 28/07/2014 
1 GEM - Pinet F 1.48 ng m
-3
 1.10 -0.11 -0.04 -0.13 0.01 24 - 28/07/2014 
1 GEM - Pinet G 1.25 ng m
-3
 1.07 -0.31 -0.05 -0.31 0.08 24/07 - 4/08/2014 
1 GEM - Pinet H 1.26 ng m
-3
 1.30 -0.20 -0.05 -0.21 0.01 24/07 - 4/08/2014 
1 GEM - Pinet I 1.23 ng m
-3
 1.33 -0.23 -0.07 -0.19 0.11 4 - 11/08/2014 
1 GEM - Pinet J 1.25 ng m
-3
 1.39 -0.22 -0.09 -0.19 0.07 4 - 11/08/2014 
          
1 GEM - Pic du Midi 008 1.79 ng m
-3
 0.61 -0.09 -0.04 -0.27 0.01 7 - 15/04/2014 
1 GEM - Pic du Midi 012 1.46 ng m
-3
 0.72 -0.18 -0.03 -0.18 -0.01 4 - 14/07/2014 
1 GEM - Pic du Midi 013 1.41 ng m
-3
 0.46 -0.27 -0.06 -0.21 -0.03 18/06 - 4/07/2014 
1 GEM - Pic du Midi 014 1.45 ng m
-3
 0.71 -0.26 -0.05 -0.20 -0.16 17/07 - 4/08/2014 
1 GEM - Pic du Midi 015 1.47 ng m
-3
 0.64 -0.27 -0.09 -0.25 0.06 4 - 26/08/2014 
1 GEM - Pic du Midi 016 1.87 ng m
-3
 0.33 -0.33 -0.02 -0.24 0.09 26/08 - 11/09/2014 
1 GEM - Pic du Midi 017 1.67 ng m
-3
 0.26 -0.13 0.00 -0.11 0.04 11 - 29/09/2014 
1 GEM - Pic du Midi 018 1.60 ng m
-3
 0.62 -0.23 -0.01 -0.18 -0.04 29/09 - 16/10/2014 
1 GEM - Pic du Midi 019 1.53 ng m
-3
 0.60 -0.38 -0.10 -0.20 0.17 16/10 - 6/11/2014 
1 GEM - Pic du Midi 020 1.44 ng m
-3
 0.66 -0.33 -0.10 -0.24 0.13 6 - 20/11/2014 
          
1 GOM+PBM - Pic du Midi 013 30 pg m
-3
 -0.55 0.34 0.21 0.39 -0.27 18/06 - 4/07/2014 
1 GOM+PBM - Pic du Midi 014 51 pg m
-3
 -0.52 0.42 0.21 0.48 -0.16 17/07 - 4/08/2014 
1 GOM+PBM - Pic du Midi 015 50 pg m
-3
 -0.44 0.46 0.19 0.46 -0.46 4 - 26/08/2014 
1 GOM+PBM - Pic du Midi 14071707-24 60 pg m
-3
 0.06 0.39 0.15 0.43 -0.26 14 - 17/07/2014 
1 GOM+PBM - Pic du Midi 14071707-12 84 pg m
-3
 0.23 0.39 0.14 0.47 -0.30 14 - 17/07/2014 
1 GOM+PBM - Pic du Midi 90-11092909 97 pg m
-3
 -1.65 0.34 0.04 0.41 0.08 11 - 29/09/2014 
1 GOM+PBM - Pic du Midi 017 72 pg m
-3
 -0.94 0.75 0.11 0.52 -0.46 11 - 29/09/2014 
1 GOM+PBM - Pic du Midi 11092909 66 pg m
-3
 -1.12 0.77 0.16 0.64 -0.17 11 - 29/09/2014 
1 GOM+PBM - Pic du Midi 018 40 pg m
-3
 -1.43 0.52 0.19 0.56 0.04 29/09 - 16/10/2014 
1 GOM+PBM - Pic du Midi 90-29091610 33 pg m
-3
 -1.60 0.35 0.09 0.30 -0.05 29/09 - 16/10/2014 
1 GOM+PBM - Pic du Midi 90-16100411 112 pg m
-3
 -0.71 0.36 0.08 0.35 -0.30 16/10 - 4/11/2014 
chapter sample type c(Hg) unit δ
202
Hg (‰) Δ
199
Hg (‰) Δ
200
Hg (‰) Δ
201
Hg (‰) Δ
204
Hg (‰) comment 
1 GOM+PBM - Pic du Midi 019 53 pg m
-3
 -0.12 0.14 0.19 0.31 -0.29 16/10 - 6/11/2014 
          
1 precipitation - Pinet1507 5.4 ng L
-1
 0.32 0.47 0.13 0.48 -0.11 15/07/2014 
1 precipitation - Pinet2107 14.3 ng L
-1
 0.35 0.82 0.21 0.82 -0.36 21/07/2014 
1 precipitation - Pinet2407 6.0 ng L
-1
 0.79 0.79 0.17 0.77 -0.32 24/07/2014 
1 precipitation - Pinet2807 11.5 ng L
-1
 0.27 0.82 0.25 0.92 -0.43 28/07/2014 
1 precipitation - Pinet3007 2.3 ng L
-1
 0.04 0.80 0.23 0.83 -0.34 30/07/2014 
1 precipitation - Pinet0408 12.5 ng L
-1
 0.28 0.85 0.25 0.90 -0.41 4/08/2014 
1 precipitation - Pinet1408 2.5 ng L
-1
 -0.29 0.75 0.22 0.77 -0.25 14/08/2014 
1 precipitation - Pinet1908A 9.4 ng L
-1
 -0.25 0.50 0.21 0.64 -0.29 19/08/2014 
1 precipitation - Pinet1908B 9.4 ng L
-1
 -0.01 0.63 0.22 0.74 -0.42 19/08/2014 (duplicate) 
          
1 cloud water - Pic du Midi 1 3.1 ng L
-1
 -0.06 0.41 0.20 0.46 -0.36 
 
1 cloud water - Pic du Midi 2 9.7 ng L
-1
 0.04 0.95 0.31 0.99 -0.58 
 
1 cloud water - Pic du Midi 3 13.5 ng L
-1
 0.07 1.07 0.24 1.06 -0.27 
 
1 cloud water - Pic du Midi 4 7.5 ng L
-1
 0.29 0.80 0.20 0.70 -0.49 
 
         
Sphagnum samples 
1 Sph - 1211 - control (OA1) 35 ng g
-1
 -0.95 0.02 0.03 -0.05 -0.09 
 
1 Sph - 1211 - control (OA2) 42 ng g
-1
 -1.60 -0.19 0.03 -0.23 -0.04 before surfaces implementation 
1 Sph - 1211 - control (OP1) 48 ng g
-1
 -1.11 -0.08 0.01 -0.12 -0.07 
 
1 Sph - 1211 - control (OP2) 47 ng g
-1
 -1.77 -0.20 0.01 -0.24 0.00 
 
          
1 Sph - 0312 - OA1 34 ng g
-1
 -1.69 -0.26 0.05 -0.33 0.00 Sph - month year - type 
1 Sph - 0512 - OA1 35 ng g
-1
 -1.11 -0.04 0.05 -0.10 -0.07 OA = open area (1 and 2) 
1 Sph - 1112 - OA1 43 ng g
-1
 -0.76 -0.13 0.04 -0.15 -0.07 
 
1 Sph - 0213 - OA1 33 ng g
-1
 -1.63 -0.12 0.03 -0.21 0.00 
 
1 Sph - 0413 - OA1 38 ng g
-1
 -1.05 -0.08 0.05 -0.16 -0.12 
 
1 Sph - 0613 - OA1 38 ng g
-1
 -0.97 -0.09 0.05 -0.08 -0.04 
 
1 Sph - 1213 - OA1 49 ng g
-1
 -1.28 -0.17 -0.01 -0.18 -0.04 
 
1 Sph - 0714 - OA1 34 ng g
-1
 -0.85 -0.02 0.07 -0.10 -0.08 
 
1 Sph - 0312 - OA1 40 ng g
-1
 -1.62 -0.25 -0.02 -0.31 0.03 
 
1 Sph - 0512 - OA1 29 ng g
-1
 -1.01 -0.05 0.00 -0.11 -0.01 
 
1 Sph - 1112 - OA1 44 ng g
-1
 -1.49 -0.15 0.01 -0.26 -0.02 
 
1 Sph - 0213 - OA1 42 ng g
-1
 -1.42 -0.20 0.01 -0.26 -0.01 
 
chapter sample type c(Hg) unit δ
202
Hg (‰) Δ
199
Hg (‰) Δ
200
Hg (‰) Δ
201
Hg (‰) Δ
204
Hg (‰) comment 
1 Sph - 0613 - OA1 42 ng g
-1
 -1.07 -0.01 0.02 -0.05 -0.02 
 
1 Sph - 1213 - OA1 52 ng g
-1
 -1.37 -0.16 0.02 -0.23 -0.01 
 
1 Sph - 0714 - OA1 24 ng g
-1
 -0.96 0.05 0.06 0.00 -0.09 
 
          
1 Sph - 0312 - OP1 37 ng g
-1
 -1.11 -0.09 0.02 -0.19 0.00 OP = opaque surface 
1 Sph - 0512 - OP1 38 ng g
-1
 -1.62 -0.21 -0.01 -0.22 0.05 
 
1 Sph - 1112 - OP1 45 ng g
-1
 -1.81 -0.26 0.01 -0.28 -0.03 
 
1 Sph - 0213 - OP1 34 ng g
-1
 -1.91 -0.20 0.00 -0.25 0.01 
 
1 Sph - 0413 - OP1 47 ng g
-1
 -2.16 -0.21 0.00 -0.25 -0.05 
 
1 Sph - 0613 - OP1 47 ng g
-1
 -1.52 -0.15 -0.03 -0.20 -0.02 
 
1 Sph - 1213 - OP1 44 ng g
-1
 -1.73 -0.20 -0.04 -0.25 0.05 
 
1 Sph - 0714 - OP1 42 ng g
-1
 -1.68 -0.22 0.02 -0.25 0.03 
 
          
1 Sph - 0312 - OP1 46 ng g
-1
 -1.85 -0.27 -0.02 -0.35 -0.04 
 
1 Sph - 0512 - OP1 39 ng g
-1
 -1.55 -0.19 -0.01 -0.19 0.01 
 
1 Sph - 1112 - OP1 55 ng g
-1
 -1.74 -0.28 0.01 -0.32 0.04 
 
1 Sph - 0213 - OP1 54 ng g
-1
 -1.91 -0.31 -0.01 -0.33 0.02 
 
1 Sph - 0613 - OP1 67 ng g
-1
 -1.78 -0.30 -0.04 -0.29 0.10 
 
1 Sph - 1213 - OP1 91 ng g
-1
 -1.55 -0.28 -0.02 -0.29 -0.08 
 
1 Sph - 0714 - OP1 47 ng g
-1
 -1.67 -0.19 -0.02 -0.24 0.02 
 
          
1 Sph - 0312 - GL 31 ng g
-1
 -1.44 -0.21 0.00 -0.26 -0.02 GL = Glass surface 
1 Sph - 0512 - GL 21 ng g
-1
 -1.63 -0.16 0.01 -0.26 -0.03 
 
1 Sph - 1112 - GL 40 ng g
-1
 -1.65 -0.19 0.00 -0.23 -0.06 
 
1 Sph - 0213 - GL 33 ng g
-1
 -2.06 -0.22 0.00 -0.28 0.04 
 
1 Sph - 0613 - GL 33 ng g
-1
 -1.66 -0.11 0.02 -0.15 0.00 
 
1 Sph - 1213 - GL 49 ng g
-1
 -1.68 -0.22 0.03 -0.25 -0.03 
 
1 Sph - 0714 - GL 28 ng g
-1
 -1.43 -0.11 -0.03 -0.16 -0.06 
 
1 Lichen 129 ng g
-1
 -1.62 -0.44 -0.06 -0.47 -0.01 sampled the 15/07/2014 
1 Pine needles 22 ng g
-1
 -1.53 -0.43 0.00 -0.44 -0.09 sampled the 15/07/2014 
1 Calluna leaves 10 ng g
-1
 -1.12 -0.21 0.03 -0.26 -0.06 sampled the 15/07/2014 
          
1-2-3 Pinet peat A 1-2 49 ng g
-1
 -1.57 -0.20 0.03 -0.23 0.05 peatland core sample 
1-2-3 Pinet peat A4 52 ng g
-1
 -1.18 -0.21 -0.06 -0.23 0.18 Core A 
chapter sample type c(Hg) unit δ
202
Hg (‰) Δ
199
Hg (‰) Δ
200
Hg (‰) Δ
201
Hg (‰) Δ
204
Hg (‰) comment 
1-2-3 Pinet peat A5 82 ng g
-1
 -1.51 -0.30 0.02 -0.29 -0.07 
 
1-2-3 Pinet peat A6 122 ng g
-1
 -1.56 -0.32 -0.04 -0.29 0.15 
 
1-2-3 Pinet peat A7 130 ng g
-1
 -1.43 -0.25 -0.05 -0.28 0.06 
 
1-2-3 Pinet peat A8 116 ng g
-1
 -1.37 -0.33 -0.06 -0.32 -0.10 
 
1-2-3 Pinet peat A9 130 ng g
-1
 -1.59 -0.31 -0.05 -0.34 -0.07 
 
1-2-3 Pinet peat A10 147 ng g
-1
 -1.61 -0.22 -0.03 -0.20 0.06 
 
1-2-3 Pinet peat A11 174 ng g
-1
 -1.54 -0.19 -0.01 -0.23 0.14 
 
1-2-3 Pinet peat A12 209 ng g
-1
 -1.43 -0.22 0.02 -0.22 0.00 
 
1-2-3 Pinet peat A13 162 ng g
-1
 -1.58 -0.14 -0.11 -0.27 -0.06 
 
1-2-3 Pinet peat A14 149 ng g
-1
 -1.53 -0.17 0.06 -0.23 -0.01 
 
2-3 Pinet peat A16 218 ng g
-1
 -1.57 -0.20 0.03 -0.22 0.05 
 
2-3 Pinet peat A17 146 ng g
-1
 -1.94 -0.26 0.01 -0.31 -0.01 
 
2-3 Pinet peat A18 128 ng g
-1
 -1.71 -0.34 0.01 -0.36 -0.03 
 
2-3 Pinet peat A19 111 ng g
-1
 -1.91 -0.31 0.03 -0.35 -0.05 
 
2-3 Pinet peat A20 110 ng g
-1
 -2.08 -0.36 -0.01 -0.34 0.03 
 
2-3 Pinet peat A22 90 ng g
-1
 -1.55 -0.32 0.06 -0.37 -0.09 
 
2-3 Pinet peat A28 218 ng g
-1
 -1.30 -0.48 -0.02 -0.50 0.08 
 
2-3 Pinet peat A43 44 ng g
-1
 -1.26 -0.32 0.05 -0.32 -0.08 
 
2-3 Pinet peat A50 22 ng g
-1
 -1.29 -0.30 0.02 -0.31 -0.07 
 
2-3 Pinet peat A58 24 ng g
-1
 -1.08 -0.35 0.03 -0.27 0.13 
 
2-3 Pinet peat A106-107 13 ng g
-1
 -0.75 -0.37 0.00 -0.34 -0.06 
 
2-3 Pinet peat A112 23 ng g
-1
 -0.93 -0.32 0.05 -0.25 0.05 
 
2-3 Pinet peat A128-129 20 ng g
-1
 -1.06 -0.38 -0.02 -0.28 0.01 
 
2-3 Pinet peat A133-134 8 ng g
-1
 -1.09 -0.36 -0.03 -0.36 0.02 
 
2-3 Pinet peat A164-165 11 ng g
-1
 -0.95 -0.37 0.01 -0.32 -0.04  
2-3 Pinet peat A217-218 25 ng g
-1
 -1.10 -0.45 0.01 -0.37 -0.02  
2-3 Pinet peat A222-224 11 ng g
-1
 -1.03 -0.34 0.06 -0.24 0.01  
2-3 Pinet peat A225-226 17 ng g
-1
 -1.39 -0.46 0.06 -0.32 0.06  
2-3 Pinet peat A227 38 ng g
-1
 -1.18 -0.42 -0.02 -0.36 0.02  
2-3 Pinet peat A228-229 15 ng g
-1
 -0.57 -0.42 0.00 -0.39 -0.09  
2-3 Pinet peat A230-231 60 ng g
-1
 -1.03 -0.44 -0.02 -0.39 0.05  
2-3 Pinet peat A233-234 21 ng g
-1
 -1.11 -0.41 0.03 -0.39 -0.12  
chapter sample type c(Hg) unit δ
202
Hg (‰) Δ
199
Hg (‰) Δ
200
Hg (‰) Δ
201
Hg (‰) Δ
204
Hg (‰) comment 
2-3 Pinet peat A235 31 ng g
-1
 -0.94 -0.42 0.08 -0.33 0.10  
2-3 Pinet peat A236 43 ng g
-1
 -1.14 -0.36 0.05 -0.31 0.11  
2-3 Pinet peat A252 15 ng g
-1
 -0.86 -0.46 0.04 -0.36 -0.07  
2-3 Pinet peat A259-260 7 ng g
-1
 -0.81 -0.43 -0.01 -0.35 -0.02  
2-3 Pinet peat A264 47 ng g
-1
 -1.42 -0.51 0.00 -0.45 0.00  
2-3 Pinet peat A265 47 ng g
-1
 -1.25 -0.58 0.04 -0.41 0.13  
2-3 Pinet peat A271-272 17 ng g
-1
 -1.15 -0.52 -0.03 -0.46 -0.01  
2-3 Pinet peat A281-282 9 ng g
-1
 -1.16 -0.47 0.03 -0.42 0.14  
2-3 Pinet peat A300 33 ng g
-1
 -1.19 -0.58 0.01 -0.51 -0.09  
2-3 Pinet peat A301 46 ng g
-1
 -1.16 -0.57 -0.01 -0.53 -0.05  
2-3 Pinet peat A306-307 12 ng g
-1
 -1.52 -0.51 -0.03 -0.49 0.01  
2-3 Pinet peat A332-333 19 ng g
-1
 -0.91 -0.45 0.01 -0.42 0.04  
2-3 Pinet peat A356 38 ng g
-1
 -0.64 -0.45 0.06 -0.43 0.03  
2-3 Pinet peat A357 37 ng g
-1
 -0.41 -0.42 0.06 -0.42 -0.12  
2-3 Pinet peat A376-377 16 ng g
-1
 -0.71 -0.38 0.08 -0.34 -0.04  
2-3 Pinet peat A403 38 ng g
-1
 -0.55 -0.48 0.01 -0.42 0.01  
2-3 Pinet peat A404 34 ng g
-1
 -0.63 -0.45 0.02 -0.41 0.03  
2-3 Pinet peat A413-414 17 ng g
-1
 -0.91 -0.39 0.02 -0.31 0.03  
2-3 Pinet peat A427-428 14 ng g
-1
 -1.06 -0.34 0.01 -0.40 -0.17  
2-3 Pinet peat A452-453 18 ng g
-1
 -1.19 -0.40 0.04 -0.32 0.01  
          
1-2-3 Pinet peat B2-3 35 ng g
-1
 -1.34 -0.19 -0.01 -0.25 0.00 Core B 
1-2-3 Pinet peat B4-5 42 ng g
-1
 -1.31 -0.25 -0.03 -0.27 0.10  
1-2-3 Pinet peat B6-7 41 ng g
-1
 -1.25 -0.26 0.00 -0.27 -0.04  
1-2-3 Pinet peat B9 53 ng g
-1
 -1.20 -0.24 0.03 -0.19 0.02  
1-2-3 Pinet peat B10 53 ng g
-1
 -1.14 -0.23 0.00 -0.27 0.04  
1-2-3 Pinet peat B11 64 ng g
-1
 -1.23 -0.20 0.06 -0.28 -0.05  
1-2-3 Pinet peat B12 107 ng g
-1
 -1.44 -0.26 0.00 -0.26 0.02  
1-2-3 Pinet peat B13 102 ng g
-1
 -1.38 -0.23 -0.02 -0.32   
1-2-3 Pinet peat B14 117 ng g
-1
 -1.68 -0.25 -0.04 -0.30 0.01  
1-2-3 Pinet peat B15 119 ng g
-1
 -1.47 -0.26 0.03 -0.26 -0.08  
1-2-3 Pinet peat B16 139 ng g
-1
 -1.56 -0.28 -0.03 -0.25 -0.02  
chapter sample type c(Hg) unit δ
202
Hg (‰) Δ
199
Hg (‰) Δ
200
Hg (‰) Δ
201
Hg (‰) Δ
204
Hg (‰) comment 
1-2-3 Pinet peat B17 169 ng g
-1
 -1.25 -0.12 0.08 -0.17   
1-2-3 Pinet peat B18 158 ng g
-1
 -1.45 -0.21 0.01 -0.24 0.01  
1-2-3 Pinet peat B19 165 ng g
-1
 -1.49 -0.21 0.02 -0.23 -0.02  
1-2-3 Pinet peat B20 176 ng g
-1
 -1.50 -0.16 0.02 -0.17 -0.02  
2-3 Pinet peat B22 184 ng g
-1
 -1.67 -0.16 -0.01 -0.18 0.02  
2-3 Pinet peat B23 159 ng g
-1
 -1.71 -0.13 0.01 -0.15 0.04  
2-3 Pinet peat B24 220 ng g
-1
 -1.86 -0.16 0.02 -0.22 0.10  
2-3 Pinet peat B25 118 ng g
-1
 -1.71 -0.22 0.01 -0.22 0.00  
2-3 Pinet peat B26 128 ng g
-1
 -1.73 -0.30 0.03 -0.32 0.04  
2-3 Pinet peat B27 179 ng g
-1
 -1.63 -0.29 0.02 -0.28 -0.13  
2-3 Pinet peat B28 108 ng g
-1
 -1.62 -0.28 0.03 -0.34 -0.05  
2-3 Pinet peat B29 110 ng g
-1
 -1.70 -0.37 0.02 -0.35 0.01  
2-3 Pinet peat B30 104 ng g
-1
 -1.70 -0.28 0.05 -0.31 -0.09  
2-3 Pinet peat B31 104 ng g
-1
 -1.99 -0.29 0.00 -0.31 0.00  
2-3 Pinet peat B32 107 ng g
-1
 -1.60 -0.28 0.04 -0.29 0.08  
2-3 Pinet peat B33 109 ng g
-1
 -1.65 -0.22 0.03 -0.30 -0.08  
2-3 Pinet peat B34 114 ng g
-1
 -1.58 -0.28 0.01 -0.29   
2-3 Pinet peat B35 92 ng g
-1
 -1.49 -0.28 0.07 -0.31 -0.10  
2-3 Pinet peat B36 84 ng g
-1
 -1.65 -0.34 0.02 -0.37 0.02  
2-3 Pinet peat B37 82 ng g
-1
 -1.61 -0.37 0.00 -0.40 -0.02  
2-3 Pinet peat B41 137 ng g
-1
 -1.16 -0.49 -0.01 -0.42   
2-3 Pinet peat B44 190 ng g
-1
 -0.64 -0.31 0.00 -0.37   
2-3 Pinet peat B87-91 29 ng g
-1
 -0.43 -0.31 -0.01 -0.30   
2-3 Pinet peat B108-113 11 ng g
-1
 -0.69 -0.19 0.07 -0.17   
2-3 Pinet peat B159-161 24 ng g
-1
 -0.34 -0.36 -0.01 -0.24   
2-3 Pinet peat B213-214 18 ng g
-1
 -1.00 -0.28 0.04 -0.17 -0.06  
2-3 Pinet peat B226 41 ng g
-1
 -1.10 -0.45 -0.01 -0.42 -0.04  
2-3 Pinet peat B227 68 ng g
-1
 -1.74 -0.51 -0.07 -0.34 0.10  
2-3 Pinet peat B228 46 ng g
-1
 -1.13 -0.40 -0.02 -0.33 0.07  
2-3 Pinet peat B229-230 46 ng g
-1
 -1.32 -0.41 0.03 -0.38 -0.14  
2-3 Pinet peat B232 32 ng g
-1
 -1.08 -0.36 0.01 -0.31 0.04  
2-3 Pinet peat B233 37 ng g
-1
 -1.22 -0.45 0.06 -0.38 0.05  
chapter sample type c(Hg) unit δ
202
Hg (‰) Δ
199
Hg (‰) Δ
200
Hg (‰) Δ
201
Hg (‰) Δ
204
Hg (‰) comment 
2-3 Pinet peat B234 41 ng g
-1
 -1.09 -0.43 0.02 -0.35 0.10  
2-3 Pinet peat B237 33 ng g
-1
 -1.19 -0.39 0.04 -0.22 0.06  
2-3 Pinet peat B240 34 ng g
-1
 -0.86 -0.28 0.05 -0.22 0.10  
2-3 Pinet peat B242-243 26 ng g
-1
 -1.10 -0.27 0.02 -0.25 -0.04  
2-3 Pinet peat B244-245 20 ng g
-1
 -0.88 -0.33 0.00 -0.25 -0.05  
2-3 Pinet peat B260-262 30 ng g
-1
 -0.83 -0.31 0.05 -0.38   
2-3 Pinet peat B276-278 28 ng g
-1
 -0.71 -0.51 0.01 -0.37   
2-3 Pinet peat B284 151 ng g
-1
 -1.21 -0.40 0.06 -0.39 0.01 highest peak in c(Hg) 
2-3 Pinet peat B285 131 ng g
-1
 -1.26 -0.39 0.08 -0.36 -0.04  
2-3 Pinet peat B303-304 36 ng g
-1
 -0.72 -0.49 -0.10 -0.42   
2-3 Pinet peat B312-314 26 ng g
-1
 -0.89 -0.40 0.04 -0.31   
2-3 Pinet peat B343-344 31 ng g
-1
 -0.13 -0.29 0.00 -0.20   
2-3 Pinet peat B359-361 35 ng g
-1
 -0.57 -0.35 0.00 -0.30   
2-3 Pinet peat B377-382 13 ng g
-1
 -0.84 -0.28 0.01 -0.26   
2-3 Pinet peat B405-407 23 ng g
-1
 -0.81 -0.28 0.03 -0.25   
2-3 Pinet peat B428-432 14 ng g
-1
 -0.97 -0.30 0.01 -0.29   
2-3 Pinet peat B443 61 ng g
-1
 -0.94 -0.23 -0.03 -0.16   
2-3 Pinet peat B463-465 25 ng g
-1
 -0.96 -0.37 -0.03 -0.31   
2-3 Pinet peat B483-484 36 ng g
-1
 -0.87 -0.26 0.01 -0.23   
2-3 Pinet peat B500 (clay) 6 ng g
-1
 -0.66 0.15 0.09 -0.02  glacial clay 
2-3 Pinet peat B510 (clay) 3 ng g
-1
 -0.22 0.16 0.03 0.02  glacial clay 
          
1-2-3 Pinet peat C8 60 ng g
-1
 -1.36 -0.19 -0.02 -0.21 0.09 Core C 
1-2-3 Pinet peat C9 56 ng g
-1
 -1.15 -0.16 0.05 -0.18 -0.11  
1-2-3 Pinet peat C11 56 ng g
-1
 -1.33 -0.12 0.06 -0.19 -0.01  
1-2-3 Pinet peat C12 56 ng g
-1
 -1.90 -0.08 0.04 -0.15 -0.03  
1-2-3 Pinet peat C13 98 ng g
-1
 -1.86 -0.24 0.00 -0.27 -0.06  
2-3 Pinet peat C14 122 ng g
-1
 -1.20 -0.18 -0.05 -0.28 0.02  
2-3 Pinet peat C15 173 ng g
-1
 -1.35 -0.20 -0.04 -0.26 0.07  
2-3 Pinet peat C16 238 ng g
-1
 -1.80 -0.25 -0.02 -0.27 0.02  
2-3 Pinet peat C17 183 ng g
-1
 -1.36 -0.18 -0.06 -0.21 0.04  
2-3 Pinet peat C18 213 ng g
-1
 -1.59 -0.17 0.02 -0.21 -0.01  
chapter sample type c(Hg) unit δ
202
Hg (‰) Δ
199
Hg (‰) Δ
200
Hg (‰) Δ
201
Hg (‰) Δ
204
Hg (‰) comment 
2-3 Pinet peat C19 205 ng g
-1
 -1.58 -0.13 0.04 -0.19 -0.06  
2-3 Pinet peat C20 200 ng g
-1
 -1.81 -0.17 0.03 -0.20 -0.01  
2-3 Pinet peat C21 187 ng g
-1
 -1.70 -0.25 -0.10 -0.29 0.03  
2-3 Pinet peat C22 194 ng g
-1
 -1.83 -0.20 0.03 -0.24 0.02  
2-3 Pinet peat C23 140 ng g
-1
 -1.90 -0.28 0.02 -0.32 0.05  
2-3 Pinet peat C24 106 ng g
-1
 -2.00 -0.30 0.05 -0.30 0.01  
2-3 Pinet peat C25 93 ng g
-1
 -2.02 -0.28 0.02 -0.33 0.04  
2-3 Pinet peat C26 78 ng g
-1
 -1.62 -0.34 0.01 -0.38 -0.06  
2-3 Pinet peat C27 76 ng g
-1
 -1.84 -0.36 -0.03 -0.39 0.04  
2-3 Pinet peat C28 62 ng g
-1
 -1.80 -0.38 0.01 -0.36 0.06  
2-3 Pinet peat C199-201 11 ng g
-1
 -0.98 -0.29 0.03 -0.32 -0.10  
2-3 Pinet peat C202-203 18 ng g
-1
 -0.60 -0.32 0.10 -0.33 -0.08  
2-3 Pinet peat C204-205 30 ng g
-1
 -1.32 -0.36 0.06 -0.34 -0.02  
2-3 Pinet peat C206 51 ng g
-1
 -1.10 -0.37 0.09 -0.30 -0.11  
2-3 Pinet peat C207 39 ng g
-1
 -0.98 -0.42 0.06 -0.34 0.00  
2-3 Pinet peat C226-227 22 ng g
-1
 -1.26 -0.47 0.04 -0.37 0.08  
2-3 Pinet peat C231-232 29 ng g
-1
 -1.16 -0.46 0.08 -0.34 0.07  
2-3 Pinet peat C235 33 ng g
-1
 -1.00 -0.41 0.07 -0.32 0.04  
2-3 Pinet peat C236 57 ng g
-1
 -1.19 -0.46 0.07 -0.37 0.05  
2-3 Pinet peat C237-238 31 ng g
-1
 -0.98 -0.40 0.07 -0.31 -0.02  
2-3 Pinet peat C240-241 15 ng g
-1
 -1.13 -0.31 0.04 -0.25 -0.01  
          
2-3 Estibere peat 5 34 ng g
-1
 -1.09 -0.01 0.10 -0.04 -0.06 peatland - sample n° 
2-3 Estibere peat 11 64 ng g
-1
 -1.17 -0.11 0.04 -0.10 -0.08  
2-3 Estibere peat 14 74 ng g
-1
 -0.91 -0.01 0.11 -0.05 -0.14  
2-3 Estibere peat 15 116 ng g
-1
 -0.87 0.05 0.11 -0.04 -0.09  
2-3 Estibere peat 16 128 ng g
-1
 -0.99 -0.01 0.06 -0.04 -0.10  
2-3 Estibere peat 17 152 ng g
-1
 -0.99 -0.05 0.02 -0.05 -0.02  
2-3 Estibere peat 18 129 ng g
-1
 -0.94 -0.08 0.10 -0.06 -0.17  
2-3 Estibere peat 19 102 ng g
-1
 -0.88 -0.13 0.05 -0.11 -0.03  
2-3 Estibere peat 20 100 ng g
-1
 -0.95 -0.10 0.06 -0.09 -0.07  
2-3 Estibere peat 21 83 ng g
-1
 -0.85 -0.18 0.09 -0.21 -0.17  
chapter sample type c(Hg) unit δ
202
Hg (‰) Δ
199
Hg (‰) Δ
200
Hg (‰) Δ
201
Hg (‰) Δ
204
Hg (‰) comment 
2-3 Estibere peat 22 73 ng g
-1
 -0.98 -0.22 0.07 -0.20 -0.11  
2-3 Estibere peat 23 70 ng g
-1
 -1.09 -0.16 0.10 -0.19 -0.23  
2-3 Estibere peat 24 58 ng g
-1
 -1.15 -0.22 0.05 -0.24 -0.12  
2-3 Estibere peat 25 75 ng g
-1
 -1.19 -0.29 0.08 -0.27 -0.07  
2-3 Estibere peat 26 62 ng g
-1
 -1.22 -0.24 0.04 -0.21 -0.06  
2-3 Estibere peat 27 50 ng g
-1
 -1.29 -0.15 0.05 -0.16 -0.12  
2-3 Estibere peat 29 50 ng g
-1
 -1.07 -0.27 0.04 -0.27 -0.11  
2-3 Estibere peat 30 43 ng g
-1
 -1.38 -0.38 0.03 -0.36 -0.08  
2-3 Estibere peat 31 44 ng g
-1
 -1.39 -0.40 0.04 -0.38 -0.05  
2-3 Estibere peat 32 48 ng g
-1
 -1.39 -0.46 0.04 -0.39 -0.06  
2-3 Estibere peat 33 52 ng g
-1
 -1.33 -0.40 0.12 -0.39 -0.12  
2-3 Estibere peat 34 45 ng g
-1
 -1.33 -0.43 0.04 -0.44 -0.10  
2-3 Estibere peat 35 53 ng g
-1
 -1.31 -0.40 0.07 -0.39 -0.10  
2-3 Estibere peat 36 56 ng g
-1
 -1.49 -0.46 0.06 -0.39 -0.05  
2-3 Estibere peat 37 51 ng g
-1
 -1.24 -0.45 0.04 -0.45 -0.14  
2-3 Estibere peat 41 38 ng g
-1
 -1.34 -0.42 0.03 -0.41 -0.13  
2-3 Estibere peat 43 54 ng g
-1
 -1.19 -0.56 0.08 -0.57 -0.13  
2-3 Estibere peat 45 61 ng g
-1
 -1.29 -0.54 0.06 -0.52 -0.10  
2-3 Estibere peat 49 57 ng g
-1
 -1.04 -0.52 0.04 -0.48 -0.11  
          
2 Kuujjuarapik peat 1 58 ng g
-1
 -1.43 -0.21 0.04 -0.30 -0.06 peatland - sample n° 
2 Kuujjuarapik peat 2 114 ng g
-1
 -1.67 -0.26 0.07 -0.29 -0.02  
2 Kuujjuarapik peat 3 159 ng g
-1
 -1.61 -0.19 0.11 -0.24 -0.07  
2 Kuujjuarapik peat 4 216 ng g
-1
 -1.10 -0.15 0.08 -0.23 -0.12  
2 Kuujjuarapik peat 5 137 ng g
-1
 -1.41 0.01 0.18 -0.15 -0.19  
2 Kuujjuarapik peat 6 170 ng g
-1
 -0.88 -0.15 0.06 -0.25 -0.12  
2 Kuujjuarapik peat 7 103 ng g
-1
 -1.15 -0.11 0.01 -0.21 -0.11  
2 Kuujjuarapik peat 8 57 ng g
-1
 -1.20 -0.13 0.10 -0.22 -0.14  
2 Kuujjuarapik peat 9 61 ng g
-1
 -1.07 -0.14 0.06 -0.20 -0.11  
2 Kuujjuarapik peat 10 54 ng g
-1
 -1.27 -0.14 0.11 -0.20 -0.09  
2 Kuujjuarapik peat 11 44 ng g
-1
 -1.49 -0.07 0.09 -0.17 -0.14  
2 Kuujjuarapik peat 12 41 ng g
-1
 -1.34 -0.15 0.07 -0.12 0.07  
chapter sample type c(Hg) unit δ
202
Hg (‰) Δ
199
Hg (‰) Δ
200
Hg (‰) Δ
201
Hg (‰) Δ
204
Hg (‰) comment 
2 Kuujjuarapik peat 13 50 ng g
-1
 -1.56 -0.09 0.06 -0.19 -0.05  
2 Kuujjuarapik peat 14 63 ng g
-1
 -1.63 -0.18 0.07 -0.15 0.02  
2 Kuujjuarapik peat 15 56 ng g
-1
 -1.62 -0.14 0.08 -0.21 -0.09  
2 Kuujjuarapik peat 16 59 ng g
-1
 -1.49 -0.22 0.02 -0.24 0.02  
2 Kuujjuarapik peat 17 77 ng g
-1
 -1.75 -0.17 0.02 -0.23 -0.01  
2 Kuujjuarapik peat 18 81 ng g
-1
 -0.75 -0.26 0.08 -0.18 0.08  
2 Kuujjuarapik peat 19 77 ng g
-1
 -1.59 -0.17 0.04 -0.24 -0.10  
2 Kuujjuarapik peat 20 76 ng g
-1
 -1.25 -0.26 0.08 -0.23 0.08  
2 Kuujjuarapik peat 21 90 ng g
-1
 -1.28 -0.25 0.03 -0.27 -0.02  
2 Kuujjuarapik peat 22 89 ng g
-1
 -1.28 -0.27 0.06 -0.34 -0.03  
2 Kuujjuarapik peat 23 104 ng g
-1
 -0.83 -0.28 0.14 -0.22 0.13  
2 Kuujjuarapik peat 24 82 ng g
-1
 -1.62 -0.15 0.14 -0.24 0.00  
2 Kuujjuarapik peat 25 65 ng g
-1
 -1.66 -0.11 0.09 -0.20 -0.07  
2 Kuujjuarapik peat 26 71 ng g
-1
 -1.68 -0.15 0.07 -0.23 -0.04  
2 Kuujjuarapik peat 27 89 ng g
-1
 -0.94 -0.20 0.08 -0.22 0.00  
2 Kuujjuarapik peat 28 77 ng g
-1
 -1.50 -0.16 0.07 -0.25 -0.09  
2 Kuujjuarapik peat 30 41 ng g
-1
 -1.49 -0.14 0.06 -0.26 -0.18  
2 Kuujjuarapik peat 31 36 ng g
-1
 -1.51 -0.19 0.12 -0.25 0.01  
2 Kuujjuarapik peat 32 32 ng g
-1
 -1.57 -0.19 0.05 -0.23 -0.03  
2 Kuujjuarapik peat 33 36 ng g
-1
 -1.45 -0.14 0.08 -0.19 -0.05  
2 Kuujjuarapik peat 34 38 ng g
-1
 -1.64 -0.17 0.03 -0.22 -0.07  
2 Kuujjuarapik peat 35 44 ng g
-1
 -1.56 -0.15 0.06 -0.17 0.07  
2 Kuujjuarapik peat 36 45 ng g
-1
 -1.75 -0.17 0.03 -0.22 0.03  
          
2 Inuvik peat A (surface layer) 106 ng g
-1
 -1.81 -0.25 0.00 -0.24 0.06  
2 Inuvik peat 1 82 ng g
-1
 -1.36 -0.43 -0.03 -0.39 0.10 peatland - sample n° 
2 Inuvik peat 20 51 ng g
-1
 -1.32 -0.41 -0.04 -0.41 0.06  
2 Inuvik peat 30 32 ng g
-1
 -1.78 -0.46 -0.06 -0.42 0.06  
2 Inuvik peat 31 35 ng g
-1
 -1.83 -0.48 -0.05 -0.47 0.04  
2 Inuvik peat 71 38 ng g
-1
 -1.92 -0.38 -0.02 -0.35 0.04  
2 Inuvik peat 80 35 ng g
-1
 -1.94 -0.18 -0.02 -0.21 0.06  
2 Inuvik peat 117 44 ng g
-1
 -1.64 -0.36 -0.03 -0.38 0.07  
chapter sample type c(Hg) unit δ
202
Hg (‰) Δ
199
Hg (‰) Δ
200
Hg (‰) Δ
201
Hg (‰) Δ
204
Hg (‰) comment 
          
2 Gjerstad 0 - 2.5 204 ng g
-1
 -1.16 -0.24 0.07 -0.34 -0.09 Peatland - depth interval (cm) 
2 Gjerstad 2.5 - 5 201 ng g
-1
 -1.29 -0.18 0.03 -0.25 -0.02  
2 Gjerstad 5 - 7.5 66 ng g
-1
 -1.51 -0.14 0.06 -0.16 0.03  
2 Gjerstad 40 - 50 12 ng g
-1
 -1.61 -0.20 0.04 -0.20 -0.03  
2 Gjerstad 70 - 80 16 ng g
-1
 -1.27 -0.20 -0.01 -0.24 -0.04  
          
2 Gyland 0 - 2.5 349 ng g
-1
 -1.29 -0.32 -0.01 -0.34 0.01  
2 Gyland 2.5 - 5 210 ng g
-1
 -1.53 -0.23 0.02 -0.25 -0.02  
2 Gyland 5 - 7.5 141 ng g
-1
 -1.43 -0.15 0.01 -0.18 -0.03  
2 Gyland 40 - 50 34 ng g
-1
 -1.92 -0.04 0.06 -0.10 0.02  
2 Gyland 70 - 80 17 ng g
-1
 -1.89 -0.08 0.01 -0.08 -0.07  
          
2 Nordli 0 - 2.5 146 ng g
-1
 -0.99 -0.26 0.00 -0.23 0.01  
2 Nordli 2.5 - 5 107 ng g
-1
 -1.08 -0.29 -0.05 -0.23 0.04  
2 Nordli 7.5 - 10 49 ng g
-1
 -1.61 -0.35 -0.05 -0.28 0.02  
2 Nordli 40 - 50 4 ng g
-1
 -1.48 -0.10 -0.01 -0.16 -0.08  
2 Nordli 80 - 90 7 ng g
-1
 -1.78 -0.31 -0.03 -0.26 0.06  
          
2 Andoya 0 - 2.5 364 ng g
-1
 -1.64 -0.24 -0.06 -0.24 0.08  
2 Andoya 2.5 - 5 136 ng g
-1
 -1.25 -0.27 -0.07 -0.27 0.09  
2 Andoya 7.5 - 10 100 ng g
-1
 -1.16 -0.39 -0.08 -0.33 0.15  
2 Andoya 25 - 30 26 ng g
-1
 -1.44 -0.42 -0.08 -0.38 0.11  
2 Andoya 80 - 100 16 ng g
-1
 -1.59 -0.38 -0.07 -0.33 0.07  
          
2 NIMT (Flanders Moss surface) 164 ng g
-1
 -1.78 -0.26 -0.01 -0.32 0.02 SRM 
 
 
